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Description 

[0001] The present invention relates to sequence and 
structural features of double-stranded (ds)RNA mole- 
cules required to mediate target-specific RNA-interfer- 
ence. 

[0002] The term "RNA interference" (RNAi) was coined 
after the discovery that injection of dsRNA into the nem- 
atode C. elegans leads to specific silencing of genes 
highly homologous in sequence to the delivered dsRNA 
(Fire et al., 1 998). RNAi was subsequently also observed 
in insects, frogs (Oelgeschlager et al., 2000), and other 
animals including mice (Svoboda et al., 2000; Wianny 
and Zernicka-Goetz, 2000) and is likely to also exist in 
human. RNAi is closely linked to the post-transcriptional 
gene-silencing (PTGS) mechanism of co-suppression in 
plants and quelling in fungi (Catalanotto et al., 2000; Co- 
goni and Macino, 1 999; Dalmay et al., 2000; Ketting and 
Plasterk, 2000; Mourrain et al., 2000; Smardon et al., 
2000) and some components of the RNAi machinery are 
also necessary for post-transcriptional silencing by co- 
suppression (Catalanotto et al., 2000; Dernburg et al., 
2000; Ketting and Plasterk, 2000). The topic has also 
been reviewed recently (Bass, 2000; Bosher and Labou- 
esse, 2000; Fire, 1999; Plasterk and Ketting, 2000; 
Sharp, 1 999; Sijen and Kooter, 2000), see also the entire 
issue of Plant Molecular Biology, vol. 43, issue 2/3, 
(2000). 

[0003] In plants, in addition to PTGS, introduced trans- 
genes can also lead to transcriptional gene silencing via 
RNA-directed DNA methylation of cytosines (see refer- 
ences in Wassenegger, 2000). Genomic targets as short 
as 30 bp are methylated in plants in an RNA-directed 
manner (Pelissier, 2000). DNA methylation is also 
present in mammals. 

[0004] The natural function of RNAi and co-suppres- 
sion appears to be protection of the genome against in- 
vasion by mobile genetic elements such as retrotrans- 
posons and viruses which produce aberrant RNA or dsR- 
NA in the host cell when they become active (Jensen et 
al, 1 999; Ketting et al., 1 999; Ratcliff et al., 1 999; Tabara 
et al., 1 999). Specific mRNA degradation prevents trans- 
poson and virus replication although some viruses are 
able to overcome or prevent this process by expressing 
proteins that suppress PTGS (Lucy et al., 2000; Voinnet 
et al., 2000). 

[0005] DsRNA triggers the specific degradation of ho- 
mologous RNAs only within the region of identity with the 
dsRNA (Zamore et al., 2000; Brenda L. Bass, 2000; Yang 
et al., 2000; Elbashit et al., 2001; WO 01/75164). The 
dsRNA is processed to 21 -23 nt RNA fragments and the 
target RNA cleavage sites are regularly spaced 21-23 nt 
apart. It has therefore been suggested that the 21 -23 nt 
fragments are the guide RNAs for target recognition 
(Zamore et al., 2000). These short RNAs were also de- 
tected in extracts prepared from D. melanogaster Sch- 
neider 2 cells which were transfected with dsRNA prior 
to cell lysis (Hammond et al., 2000), however, the frac- 



tions that displayed sequence-specific nuclease activity 
also contained a large fraction of residual dsRNA. The 
role of the 21-23 nt fragments in guiding mRNA cleavage 
is further supported by the observation that 21 -23 nt frag- 

5 ments isolated from processed dsRNA are able, to some 
extent, to mediate specific mRNA degradation (Zamore 
et al., 2000). RNA molecules of similar size also accu- 
mulate in plant tissue that exhibits PTGS (Hamilton and 
Baulcombe, 1999). 

10 [0006] Here, we use the established Drosophila in vitro 
system (Tuschl et al., 1 999; Zamore et al., 2000) to further 
explore the mechanism of RNAi. We demonstrate that 
short 21 and 22 nt RNAs, when base-paired with 3' over- 
hanging ends, act as the guide RNAs for sequence-spe- 

15 cific mRNA degradation. Short 30 bpdsRNAs are unable 
to mediate RNAi in this system because they are no long- 
er processed to 21 and 22 nt RNAs. Furthermore, we 
defined the target RNA cleavage sites relative to the 21 
and 22 nt short interfering RNAs (siRNAs) and provide 

20 evidence that the direction of dsRNA processing deter- 
mines whether a sense or an antisense target RNA can 
be cleaved by the produced siRNP endonuclease com- 
plex. Further, the siRNAs may also be important tools for 
transcriptional modulating, e.g. silencing of mammalian 

25 genes by guiding DNA methylation. 

[0007] Further experiments in human in vivo cell cul- 
ture systems (HeLa cells) show that double-stranded 
RNA molecules having a length of preferably from 1 9-23 
nucleotides have RNAi activity. 

30 [0008] The object underlying the present invention is 
to provide novel agents capable of mediating target-spe- 
cific RNA interference said agents having an improved 
efficacy and safety compared to prior art agents. 
[0009] The solution of this problem is provided by an 

35 isolated double-stranded RNA molecule, wherein each 
RNA strand has a length from 19-23 nucleotides and 
wherein at least one strand has a 3'-overhang from 1 -3 
nucleotides, wherein said RNA molecule is capable of 
mediating RNA interference. At least one strand has a 

40 3'-overhang from 1 -3 nucleotides and most preferably 2 
nucleotides. The other strand may be blunt-ended or has 
up to 6 nucleotides 3'-overhang. 

[0010] The RNA molecule is preferably a synthetic 
RNA molecule which is substantially free from contami- 

45 nants occurring in cell extracts, e.g. from Drosophila em- 
bryos. Further, the RNA molecule is preferably substan- 
tially free from any non-target-specific contaminants, par- 
ticularly non-target-specific RNA molecules e.g. from 
contaminants occuring in cell extracts. 

50 [001 1] Further, the invention relates to the use of iso- 
lated double-stranded RNA molecules, wherein each 
RNA strand has a length from 19-23 nucleotides and 
wherein at least one strand has a 3'-overhang from 1-3 
nucleotides for mediating RNAi in mammalian cells, par- 

55 ticularly in human cells. 

[0012] Surprisingly, it was found that synthetic short 
double-stranded RNA molecules with overhanging 3'- 
ends are sequence-specific mediators of RNAi and me- 
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diate efficient target-RNA cleavage, wherein the cleav- 
age site is located near the center of the region spanned 
by the guiding short RNA. 

[0013] Preferably, each strand of the RNA molecule 
has a length from 20-22 nucleotides wherein the length 
of each strand may be the same or different. The length 
of the 3'-overhang reaches from 1 -3 nucleotides, wherein 
the length of the overhang may be the same or different 
for each strand. The RNA-strands preferably have 3'- 
hydroxyl groups. The 5'-terminus preferably comprises 
a phosphate, diphosphate, triphosphate or hydroxyl 
group. The most effective dsRNAs are composed of two 
21 nt strands which are paired such that 1 -3, particularly 
2 nt3'-overhangs are presenton both ends of thedsRNA. 
[0014] The target RNA cleavage reaction guided by 
siRNAs is highly sequence-specific. However, not all po- 
sitions of asiRNA contribute equally to target recognition. 
Mismatches in the center of the siRNA duplex are most 
critical and essentially abolish target RNA cleavage. In 
contrast, the 3' nucleotide of the siRNA strand (e.g. po- 
sition 21) that is complementary to the single-stranded 
target RNA, does not contribute to specificity of the target 
recognition. Further, the sequence of the unpaired 2-nt 
3'-overhang of the siRNA strand with the same polarity 
as the target RNA is not critical for target RNA cleavage 
as only the antisense siRNA strand guides target recog- 
nition. Thus, from the single-stranded overhanging nu- 
cleotides only the penultimate position of the antisense 
siRNA (e.g: position 20) needs to match the targeted 
sense mRNA. 

[0015] Surprisingly, the double-stranded RNA mole- 
cules of the present invention exhibit a high in vivo sta- 
bility in serum or in growth medium for cell cultures. In 
order to further enhance the stability, the 3'-overhangs 
may be stablized against degradation, e.g. they may be 
selected such that they consist of purine nucleotides, par- 
ticularly adenosine or guanosine nucleotides. Alterna- 
tively, substitution of pyrimidine nucleotides by modified 
analogues, e.g. substitution of uridine 2 nt 3'-overhangs 
by 2'-deoxythymidine is tolerated and does not affect the 
efficiency of RNA interference. The absence of a 2'-hy- 
droxy significantly enhances the nuclease resistance of 
the overhang in tissue culture medium. 
[0016] In an especially preferred embodiment of the 
present invention the RNA molecule may contain at least 
one modified nucleotide analogue. The nucleotide ana- 
logues may be located at positions where the target-spe- 
cific activity, e.g. the RNAi mediating activity is not sub- 
stantially effected, e.g. in a region at the 5'-end and/or 
the 3'-end of the double-stranded RNA molecule. Partic- 
ularly, the overhangs may be stabilized by incorporating 
modified nucleotide analogues. 

[0017] Preferred nucleotide analogues are selected 
from sugar-or backbone-modified ribonucleotides. It 
should be noted, however, that also nucleobase-modi- 
fied ribonucleotides, i.e. ribonucleotides, containing a 
non-naturally occurring nucleobase instead of a naturally 
occurring nucleobase such as uridines or cytidines mod- 



ified at the 5-position, e.g. 5-(2-amino)propyl uridine, 5- 
bromo uridine; adenosines and guanosines modified at 
the 8-position, e.g. 8-bromo guanosine; deaza nucle- 
otides, e.g. 7-deaza-adenosine; O- and N-alkylated nu- 

5 cleotides, e.g. N6-methyl adenosine are suitable. In pre- 
ferred sugar-modified ribonucleotides the 2'-OH-group 
is replaced by a group selected from H, OR, R, halo, SH, 
SR, NH 2 , NHR, NR 2 or CN, wherein R is C r C 6 alkyl, 
alkenyl or alkynyl and halo is F, CI, Br or I. In preferred 

10 backbone-modified ribonucleotides the phosphoester 
group connecting to adjacent ribonucleotides is replaced 
by a modified group, e.g. a phosphothioate group. It 
should be noted that the above modifications may be 
combined. 

15 [0018] The sequence of the double-stranded RNA 
molecule of the present invention has to have a sufficient 
identity to a nucleic acid target molecule in order to me- 
diate target-specific RNAi. Preferably, the sequence has 
an identity of at least 70% to the desired target molecule 

20 in the double-stranded portion of the RNA molecule. 
More preferably, the identity is at least 85% and most 
preferably 100% in the double-stranded portion of the 
RNA molecule. The identity of a double-stranded RNA 
molecule to a predetermined nucleic acid target mole- 

25 cule, e.g. an mRNA target molecule may be determined 
as follows: 

n 

30 I = — X 1O0 

L 

wherein I is the identity in percent, n is the number of 
identical nucleotides in the double-stranded portion of 
35 the ds RNA and the target and L is the length of the 
sequence overlap of the double-stranded portion of the 
dsRNA and the target. 

[0019] Alternatively, the identity of the double-strand- 
ed RNA molecule to the target sequence may also be 

^o defined including the 3'-overhang, particularly an over- 
hang having a length from 1-3 nucleotides. In this case 
the sequence identity is preferably at least 70% and more 
preferably at least 85% to the target sequence. For ex- 
ample, the nucleotides from the 3'-overhang and up to 2 

45 nucleotides from the 5'- and/or 3'-terminus of the double 
strand may be modified without significant loss of activity. 
[0020] The double-stranded RNA molecule of the in- 
vention may be prepared by a method comprising the 
steps: 

50 

(a) synthesizing two RNA strands each having a 
length from 19 to 23 nucleotides and at least one 
having a 3'-overhang from 1 to 3 nucleotides, where- 
in said RNA strands are capable of forming a double- 

55 stranded RNA molecule, 

(b) combining the synthesized RNA strands under 
conditions, wherein a double-stranded RNA mole- 
cule is formed, which is capable of target-specific 
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RNA interference. 

[0021] Methods of synthesizing RNA molecules are 
known in the art. In this context, it is particularly referred 
to chemical synthesis methods as described in Verma 
and Eckstein (1998). 

[0022] The single-stranded RNAs can also be pre- 
pared by enzymatic transcription from synthetic DNA 
templates or from DNA plasmids isolated from recom- 
binant bacteria. Typically, phage RNA polymerases are 
used such as T7, T3 or SP6 RNA polymerase (Milligan 
and Uhlenbeck (1989)). 

[0023] A further aspect of the present invention relates 
to an in vitro method of mediating target-specific RNA 
interferences in a cell or an organism, comprising the 
steps: 

(a) contacting said cell or organism with the double- 
stranded RNA molecule of any one of claims 1 to 8 
under conditions wherein target-specific RNA inter- 
ferences may occur, and 

(b) mediating a target-specific RNA interference ef- 
fected by the double-stranded RNA towards a target 
nucleic acid having a sequence portion substantially 
corresponding to the double-stranded RNA. 

[0024] Preferably the contacting step (a) comprises in- 
troducing the double-stranded RNA molecule into a tar- 
get cell, e.g. an isolated target cell, e.g. in cell culture, a 
unicellular microorganism or a target cell or a plurality of 
target cells within a multicellular organism. More prefer- 
ably, the introducing step comprises a carrier-mediated 
delivery, e.g. by liposomal carriers or by injection. 
[0025] The in vitro method of the invention may be used 
for determining the function of a gene in a cell or an or- 
ganism or even for modulating the function of a gene in 
a cell or an organism, being capable of mediating RNA 
interference. The cell is preferably a eukaryotic cell or a 
cell line, e.g. a plant cell or an animal cell, such as a 
mammalian cell, e.g. an embryonic cell, a pluripotent 
stem cell, a tumor cell, e.g. a teratocarcinoma cell or a 
virus-infected cell. The organism is preferably a eukary- 
otic organism, e.g. a plant or an animal, such as a mam- 
mal, particularly a human. 

[0026] The target gene to which the RNA molecule of 
the invention is directed may be associated with a path- 
ological condition. For example, the gene may be a path- 
ogen-associated gene, e.g. a viral gene, a tumor-asso- 
ciated gene or an autoimmune disease-associated gene. 
The target gene may also be a heterologous gene ex- 
pressed in a recombinant cell or a genetically altered 
organism. By determinating or modulating, particularly, 
inhibiting the function of such agene valuable information 
and therapeutic benefits in the agricultural field or in the 
medicine or veterinary medicine field may be obtained. 
Another aspect of the present invention relates to the use 
of a double stranded RNA molecule as defined in one of 
the claims 1 to 8 for the manufacture of a medicament 



for modulating the function of a pathogen -associated 
gene. In particularly preferred embodiments, the patho- 
gen-associated gene is a viral gene, a tumor-associated 
gene or an autoimmune disease-associated gene. 
5 [0027] The dsRNA is usually administered as a phar- 
maceutical composition. The administration may be car- 
ried out by known methods, wherein a nucleic acid is 
introduced into a desired target cell in vitro or in vivo. 
Commonly used gene transfer techniques include calci- 
10 um phosphate, DEAE-dextran, electroporation and mi- 
croinjection and viral methods (Graham, F.L. and van der 
Eb, A.J. (1973) Virol. 52, 456; McCutchan, J.H. and Pa- 
gano, J.S. (1 968), J. Natl. Cancer Inst. 41 , 351 ; Chu, G. 
et al (1 987), Nucl. Acids Res. 15,1311; Fraley, R. et al. 
15 (1980), J. Biol. Chem. 255, 10431; Capecchi, M.R. 
(1 980), Cell 22, 479). A recent addition to this arsenal of 
techniques for the introduction of DNA into cells is the 
use of cationic liposomes (Feigner, P.L. et al. (1987), 
Proc. Natl. Acad. Sci USA 84, 741 3). Commercially avail- 
20 able cationic lipid formulations are e.g. Tfx 50 (Promega) 
or Lipofectamin2000 (Life Technologies). 
[0028] Thus, the invention also relates to a pharma- 
ceutical composition containing as an active agent at 
least one double-stranded RNA molecule as described 
25 above and a pharmaceutical carrier. The composition 
may be used for diagnostic and for therapeutic applica- 
tions in human medicine or in veterinary medicine. 
[0029] For diagnostic or therapeutic applications, the 
composition may be in form of a solution, e.g. an inject- 
30 able solution, a cream, ointment, tablet, suspension or 
the like. The composition may be administered in any 
suitable way, e.g. by injection, by oral, topical, nasal, rec- 
tal application etc. The carrier may be any suitable phar- 
maceutical carrier. Preferably, a carrier is used, which is 
35 capable of increasing the efficacy of the RNA molecules 
to enter the target-cells. Suitable examples of such car- 
riers are liposomes, particularly cationic liposomes. A fur- 
ther preferred administration method is injection. 
[0030] A further preferred application of the RNAi 
40 method is a functional analysis of eukaryotic cells, or eu- 
karyotic non-human organisms, preferably mammalian 
cells or organisms and most preferably human cells, e.g. 
cell lines such as HeLa or 293 or rodents, e.g. rats and 
mice. By transfection with suitable double-stranded RNA 
45 molecules which are homologous to a predetermined tar- 
get gene or DNA molecules encoding a suitable double- 
stranded RNA molecule a specific knockout phenotype 
can be obtained in a target cell, e.g. in cell culture or in 
a target organism. Surprisingly it was found that the pres- 
to ence of short double-stranded RNA molecules does not 
result in an interferon response from the host cell or host 
organism. 

[0031] Thus, a further subject matter of the invention 
is a eukaryotic cell or a eukaryotic non-human organism 
55 transfected with on RNA molecule of the invention or a 
DNA molecule encoding said RNA molecule. It should 
be noted that the present invention allows a target-spe- 
cific knockout of several different endogeneous genes 
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due to the specificity of RNAi. 

[0032] Further, the present invention is explained in 
more detail in the following figures and examples. 

Figure Legends 5 

[0033] 

Figure 1 : Double-stranded RNA as short as 38 bp 
can mediate RNAi. 10 

(A) Graphic representation of dsRNAs used for 
targeting Pp-luc mRNA. Three series of blunt- 
ended dsRNAs covering a range of 29 to 504 
bp were prepared. The position of the first nu- 15 
cleotide of the sense strand of the dsRNA is in- 
dicated relative to the start codon of Pp-luc mR- 
NA (p1). (B) RNA interference assay (Tuschl et 
al., 1999). Ratios of target Pp-luc to control Rr- 
luc activity were normalized to a buffer control 20 
(black bar). DsRNAs (5 nM) were preincubated 
in Drosophila lysate for 15 min at 25 °C prior to 
the addition of 7-methyl-guanosine-capped Pp- 
luc and Rr-luc mRNAs (-50 pM). The incubation 
was continued for another hour and then ana- 25 
lyzed by the dual luciferase assay (Promega). 
The data are the average from at least four in- 
dependent experiments ± standard deviation. 

Figure 2: A 29 bp dsRNA is no longer processed to 30 
21-23 nt fragments. Time course of 21-23 mer for- 
mation from processing of internally 32 P-labeled 
dsRNAs (5 nM) in the Drosophila lysate. The length 
and source of the dsRNA are indicated. An RNA size 
marker (M) has been loaded in the left lane and the 35 
fragment sizes are indicated. Double bands at time 
zero are due to incompletely denatured dsRNA. 

Figure 3: Short dsRNAs cleave the mRNA target 
only once. *o 

(A) Denaturing gel electrophoreses of the stable 
5'-cleavage products produced by 1 h incuba- 
tion of 10 nM sense or antisense RNA 32 P-la- 
beled at the cap with 1 0 nM dsRNAs of the p1 33 45 
series in Drosophila lysate. Length markers 
were generated by partial nuclease T1 digestion 
and partial alkaline hydrolysis (OH) of the cap- 
labeled target RNA. The regions targeted by the 
dsRNAs are indicated as black bars on both 50 
sides. The 20-23 nt spacing between the pre- 
dominantcleavage sites for the 1 1 1 bp long dsR- 
NA is shown. The horizontal arrow indicates un- 
specific cleavage not due to RNAi. (B) Position 
of the cleavage sites on sense and antisense 55 
target RNAs. The sequences of the capped 1 77 
nt sense and 1 80 nt antisense target RNAs are 
represented in antiparallel orientation such that 



complementary sequence are opposing each 
other. The region targeted by the different dsR- 
NAs are indicated by differently colored bars po- 
sitioned between sense and antisense target se- 
quences. Cleavage sites are indicated by cir- 
cles: large circle for strong cleavage, small circle 
for weak cleavage. The 32 P-radiolabeled phos- 
phate group is marked by an asterisk. 

Figure 4: 21 and 22 nt RNA fragments are generated 
by an RNase Ill-like mechanism. 

(A) Sequences of -21 nt RNAs after dsRNA 
processing. The -21 nt RNA fragments gener- 
ated by dsRNA processing were directionally 
cloned and sequenced. Oligoribonucleotides 
originating from the sense strand of the dsRNA 
are indicated as blue lines, those originating 
from the antisense strand as red lines. Thick 
bars are used if the same sequence was present 
in multiple clones, the number at the right indi- 
cating the frequency. The target RNA cleavage 
sites mediated by the dsRNA are indicated as 
orange circles, large circle for strong cleavage, 
small circle for weak cleavage (see Figure 3B). 
Circles on top of the sense strand indicated 
cleavage sites within the sense target and cir- 
cles at the bottom of the dsRNA indicate cleav- 
age site in the antisense target. Up to five addi- 
tional nucleotides were identified in -21 nt frag- 
ments derived from the 3'-ends of the dsRNA. 
These nucleotides are random combinations of 
predominantly C, G, or A residues and were 
most likely added in an untemplated fashion dur- 
ing T7 transcription of the dsRNA-constituting 
strands. (B) Two-dimensional TLC analysis of 
the nucleotide composition of -21 nt RNAs. The 
-21 nt RNAs were generated by incubation of 
internally radiolabeled 504 bp Pp-luc dsRNA in 
Drosophila lysate, gel-purified, and then digest- 
ed to mononucleotides with nuclease P1 (top 
row) or ribonuclease T2 (bottom row). The dsR- 
NA was internally radiolabeled by transcription 
in the presence of one of the indicated oc- 32 P 
nucleoside triphosphates. Radioactivity was de- 
tected by phosphorimaging. Nucleoside 5'- 
monophosphates, nucleoside 3'-monophos- 
phates, nucleoside 5',3'-diphosphates, and in- 
organic phosphate are indicated as pN, Np, pNp, 
and p h respectively. Black circles indicate UV- 
absorbing spots from no n- radioactive carrier nu- 
cleotides. The 3',5'-bis-phosphates (red circles) 
were identified by co-migration with radiolabeled 
standards prepared by 5'-phosphorylation of nu- 
cleoside 3'-monophosphates with T4 polynucle- 
otide kinase and y- 32 P-ATP. 

Figure 5: Synthetic 21 and 22 nt RNAs Mediate Tar- 
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get RNA Cleavage. 

(A) Graphic representation of control 52 bp dsR- 
NA and synthetic 21 and 22 nt dsRNAs. The 
sense strand of 21 and 22 nt short interfering 5 
RNAs (siRNAs) is shown blue, the antisense 
strand in red. The sequences of the siRNAs 
were derived from the cloned fragments of 52 
and 1 1 1 bp dsRNAs (Figure 4A), except for the 
22 nt antisense strand of duplex 5. The siRNAs 10 
in duplex 6 and 7 were unique to the 111 bp 
dsRNA processing reaction. The two 3'-over- 
hanging nucleotides indicated in green are 
present in the sequence of the synthetic anti- 
sense strand of duplexes 1 and 3. Both strands 15 
of the control 52 bp dsRNA were prepared by in 
vitro transcription and a fraction of transcripts 
may contain untemplated3'-nucleotide addition. 
The target RNA cleavage sites directed by the 
siRNA duplexes are indicated as orange circles 20 
(see legend to Figure 4A) and were determined 
as shown in Figure 5B. (B) Position of the cleav- 
age sites on sense and antisense target RNAs. 
The target RNA sequences are as described in 
Figure 3B. Control 52 bp dsRNA (10 nM) or 21 25 
and 22 nt RNA duplexes 1-7 (100 nM) were in- 
cubated with target RNA for 2.5 h at 25 °C in 
Drosophila lysate. The stable 5'-cleavage prod- 
ucts were resolved on the gel. The cleavage 
sites are indicated in Figure 5A. The region tar- 30 
geted by the 52 bp dsRNA or the sense (s) or 
antisense (as) strands are indicated by the black 
bars to the side of the gel. The cleavage sites 
are all located within the region of identity of the 
dsRNAs. For precise determination of the cleav- 35 
age sites of the antisense strand, a lower per- 
centage gel was used. 

Figure 6: Long 3'-overhangs on short dsRNAs in- 
hibit RNAi. 40 

(A) Graphic representation of 52 bp dsRNA con- 
structs. The 3'-extensions of sense and anti- 
sense strand are indicated in blue and red, re- 
spectively. The observed cleavage sites on the 45 
target RNAs are represented as orange circles 
analogous to Figure 4A and were determined 
as shown in Figure 6B. (B) Position of the cleav- 
age sites on sense and antisense target RNAs. 
The target RNA sequences are as described in 50 
Figure 3B. DsRNA (10 nM) was incubated with 
target RNA for 2.5 h at 25° C in Drosophila lysate. 
The stable 5'-cleavage products were resolved 
on the gel. The major cleavage sites are indicat- 
ed with a horizontal arrow and also represented 55 
in Figure 6A. The region targeted by the 52 bp 
dsRNA is represented as black bar at both sides 
of the gel. 



Figure 7: Proposed Model for RNAi. 
RNAi is predicted to begin with processing of dsRNA 
(sense strand in black, antisense strand in red) to 
predominantly 21 and 22 nt short interfering RNAs 
(siRNAs). Short overhanging 3'-nucleotides, if 
present on the dsRNA, may be beneficial for 
processing of short dsRNAs. The dsRNA-process- 
ing proteins, which remain to be characterized, are 
represented as green and blue ovals, and assem- 
bled on the dsRNA in asymmetric fashion. In our 
model, this is illustrated by binding of a hypothetical 
blue protein or protein domain with the siRNA strand 
in 3'-to 5'-direction while the hypothetical green pro- 
tein or protein domain is always bound to the oppos- 
ing siRNA strand. These proteins or a subset remain 
associated with the siRNA duplex and preserve its 
orientation as determined by the direction of the dsR- 
NA processing reaction. Only the siRNA sequence 
associated with the blue protein is able to guide tar- 
get RNA cleavage. The endonuclease complex is 
referred to as small interfering ribonucleoprotein 
complex or siRNP. It is presumed here, that the en- 
donuclease that cleaves the dsRNA may also cleave 
the target RNA, probably by temporarily displacing 
the passive siRNA strand not used for target recog- 
nition. The target RNA is then cleaved in the center 
of the region recognized by the sequence-comple- 
mentary guide siRNA. 

Figure 8: Reporter constructs and siRNA duplexes. 

(a) The firefly (Pp-luc) and sea pansy (Rr-luc) 
luciferase reporter gene regions from plasmids 
pGL2-Control, pGL-3-Control and pRL-TK 
(Promega) are illustrated. SV40 regulatory ele- 
ments, the HSV thymidine kinase promoter and 
two introns (lines) are indicated. The sequence 
of GL3 luciferase is 95% identical to GL2, but 
RL is completely unrelated to both. Luciferase 
expression from pGL2 is approx. 10-fold lower 
than from pGL3 in transfected mammalian cells. 
The region targeted by the siRNA duplexes is 
indicated as black bar below the coding region 
of the luciferase genes, (b) The sense (top) and 
antisense (bottom) sequences of the siRNA du- 
plexes targeting GL2, GL3 and RL luciferase are 
shown. TheGL2 and GL3 siRNA duplexes differ 
by only 3 single nucleotide substitutions (boxed 
in gray). As unspecific control, a duplex with the 
inverted GL2 sequence, invGL2, was synthe- 
sized. The 2 nt 3'-overhang of 2'-deoxythymi- 
dine is indicated as TT; uGL2 is similar to GL2 
siRNA but contains ribo-uridine 3'-overhangs. 

Figure 9: RNA interference by siRNA duplexes. 
Ratios of target control luciferase were normalized 
to a buffer control (bu, black bars); gray bars indicate 
ratios of Photinus pyralis (Pp-luc) GL2 or GL3 luci- 
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f erase to Ren HI a reniformis (Rr-luc) RL lucif erase 
(left axis), white bars indicate RL to GL2 or GL3 ratios 
(right axis). Panels a, c, e, g and i describe experi- 
ments performed with the combination of pGL2-Con- 
trol and pRL-TK reporter plasmids, panels b, d, f, h 5 
and j with pGL3-Control and pRL-TK reporter plas- 
mids. The cell line used for the interference experi- 
ment is indicated at the top of each plot. The ratios 
of Pp-luc/Rr-luc for the buffer control (bu) varied be- 
tween 0.5 and 10 for pGL2/pRL and between 0.03 10 
and 1 for pGL3/pRL, respectively, before normaliza- 
tion and between the various cell lines tested. The 
plotted data were averaged from three independent 
experiments ± S.D. 

15 

Figure 10: Effects of 21 ntsiRNA, 50 bp and 500 bp 
dsRNAs on luciferase expression in HeLa cells. 
The exact length of the long dsRNAs is indicated 
below the bars. Panels a, c and e describe experi- 
ments performed with pGL2-Control and pRL-TK re- 20 
porter plasmids, panels b, d and f with pGL3-Control 
and pRL-TK reporter plasmids. The data were aver- 
aged from two independent experiments ± S.D. (a), 
(b) Absolute Pp-luc expression, plotted in arbitrary 
luminescence units, (c), (d) Rr-luc expression, plot- 25 
ted in arbitrary luminescence units, (e), (f) Ratios of 
normalized target to control luciferase. The ratios of 
luciferase activity for siRNA duplexes were normal- 
ized to a buffer control (bu, black bars); the lumines- 
cence ratios for 50 or 500 bp dsRNAs were normal- 30 
ized to the respective ratios observed for 50 and 500 
bp dsRNA from humanized GFP (hG, black bars). It 
should be noted that the overall differences in se- 
quences between the 49 and 484 bp dsRNAs tar- 
geting GL2 and GL3 are not sufficient to confer spe- 35 
cificity between GL2 and GL3 targets (43 nt uninter- 
rupted identity in 49 bp segment, 239 nt longest un- 
interrupted identity in 484 bp segment). 

Figure 1 1 : Variation of the 3'-overhang of duplexes 40 
of 21-ntsiRNAs. 

(A) Outline of the experimental strategy. The 
capped and polyadenylated sense target mRNA 
is depicted and the relative positions of sense 45 
and antisense siRNAs are shown. Eight series 
of duplexes, according to the eight different an- 
tisense strands were prepared. The siRNA se- 
quences and the number of overhanging nucle- 
otides were changed in 1 -nt steps. (B) Normal- 50 
ized relative luminescence of target luciferase 
(Photinus pyralis, Pp-luc) to control luciferase 
(Renilla reniformis, Rr-luc) in D. melanogaster 
embryo lysate in the presence of 5 nM blunt- 
ended dsRNAs. The luminescence ratios deter- 55 
mined in the presence of dsRNA were normal- 
ized to the ratio obtained for a buffer control (bu, 
black bar). Normalized ratios less than 1 indicate 



specific interference. (C-J) Normalized interfer- 
ence ratios for eight series of 21 -nt siRNA du- 
plexes. The sequences of siRNA duplexes are 
depicted above the bar graphs. Each panel 
shows the interference ratio for aset of duplexes 
formed with a given antisense guide siRNA and 
5 different sense siRNAs. The number of over- 
hanging nucleotides (3'-overhang, positive 
numbers; 5'-overhangs, negative numbers) is 
indicated on the x-axis. Data points were aver- 
aged from at least 3 independent experiments, 
error bars represent standard deviations. 

Figure 12: Variation of the length of the sense strand 
of siRNA duplexes. 

(A) Graphic representation of the experiment. 
Three 21 -nt antisense strands were paired with 
eight sense siRNAs. The siRNAs were changed 
in length at their 3'-end. The 3'-overhang of the 
antisense siRNA was 1 -nt (B), 2-nt (C), or 3-nt 
(D) while the sense siRNA overhang was varied 
for each series. The sequences of the siRNA 
duplexes and the corresponding interference ra- 
tios are indicated. 

Figure 13: Variation of the length of siRNAduplexes 
with preserved 2-nt 3'-overhangs. 

(A) Graphic representation of the experiment. 
The 21 -nt siRNA duplex is identical in sequence 
to the one shown in Figure 1 1 H or 12C. The 
siRNA duplexes were extended to the 3'-side of 
the sense siRNA (B) or the 5'-side of the sense 
siRNA (C). The siRNA duplex sequences and 
the respective interference ratios are indicated. 

Figure 14: Substitution of the 2'-hydroxyl groups of 
the siRNA ribose residues. 

The 2'-hydroxyl groups (OH) in the strands of siRNA 
duplexes were replaced by 2'-deoxy (d) or 2'-0-me- 
thyl (Me). 2-nt and 4-nt 2'-deoxy substitutions at the 
3'-ends are indicated as 2-nt d and 4-nt d, respec- 
tively. Uridine residues were replaced by 2'-deoxy 
thymidine. 

Figure 15: Mapping of sense and antisense target 
RNA cleavage by 21 -nt siRNA duplexes with 2-nt 3'- 
overhangs. 

(A) Graphic representation of 32P (asterisk) 
cap-labelled sense and antisense target RNAs 
and siRNA duplexes. The position of sense and 
antisense target RNA cleavage is indicated by 
triangles on top and below the siRNA duplexes, 
respectively. (B) Mapping of target RNA cleav- 
age sites. After 2 h incubation of 10 nM target 
with 100 nM siRNA duplex in D. melanogaster 
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embryo lysate, the 5' cap-labelled substrate and 
the 5'-cleavage products were resolved on se- 
quencing gels. Length markers were generated 
by partial RNase T1 digestion (T1) and partial 
alkaline hydrolysis (OH-) of the target RNAs. 5 
The bold lines to the left of the images indicate 
the region covered by the siRNA strands 1 and 
5 of the same orientation as the target. 

Figure 16: The 5'-end of a guide siRNA defines the 10 
position of target RNA cleavage. 
(A, B) Graphic representation of the experimental 
strategy. The antisense siRNA was the same in all 
siRNA duplexes, but the sense strand was varied 
between 18 to 25 nt by changing the 3'-end (A) or 15 
1 8 to 23 nt by changing the 5'-end (B). The position 
of sense and antisense target RNA cleavage is in- 
dicated by triangles on top and below the siRNA du- 
plexes, respectively. (C, D) Analysis of target RNA 
cleavage using cap-labelled sense (top panel) or an- 20 
tisense (bottom panel) target RNAs. Only the cap- 
labelled 5'-cleavage products are shown. The se- 
quences of the siRNA duplexes are indicated, and 
the length of the sense siRNA strands is marked on 
top of the panel. The control lane marked with a dash 25 
in panel (C) shows target RNA incubated in absence 
of siRNAs. Markers were as described in Figure 1 5. 
The arrows in (D), bottom panel, indicate the target 
RNA cleavage sites that differ by 1 nt. 

30 

Figure 17: Sequence variation of the 3'-overhang 
of siRNA duplexes. 

The 2-nt 3'-overhang (NN, in gray) was changed in 
sequence and composition as indicated (T, 2'-deox- 
ythymidine, dG, 2'-deoxyguanosine; asterisk, wild- 35 
type siRNA duplex). Normalized interference ratios 
were determined as described in Figure 1 1 .The wild- 
type sequence is the same as depicted in Figure 14. 

Figure 18: Sequence specificity of target recogni- 40 
tion. 

The sequences of the mismatched siRNA duplexes 
are shown, modified sequence segments or single 
nucleotides are underlayed in gray. The reference 
duplex (ref) and the siRNA duplexes 1 to 7 contain 45 
2'-deoxythymidine 2-nt overhangs. The silencing ef- 
ficiency of the thymidine-modified reference duplex 
was comparable to the wild-type sequence (Figure 
1 7). Normalized interference ratios were determined 
as described in Figure 11. 50 

Figure 1 9 : Variation of the length of siRNA duplexes 
with preserved 2-nt 3'-overhangs. 
The siRNA duplexes were extended to the 3'-side of 
the sense siRNA (A) or the 5'-side of the sense siR- 55 
NA (B). The siRNA duplex sequences and the re- 
spective interference ratios are indicated. For HeLa 
SS6 cells, siRNA duplexes (0.84 jutg) targeting GL2 



luciferase were transfected together with pGL2-Con- 
trol and pRL-TK plasmids. For comparison, the in 
vitro RNAi activities of siRNA duplexes tested in D. 
melanogaster lysate are indicated. 

Example 1 

RNA Interference Mediated by Small Synthetic RNAs 
1.1. Experimental Procedures 

1.1.1 In Vitro RNAi 

[0034] In vitro RNAi and lysate preparations were per- 
formed as described previously (Tuschl et al., 1999; 
Zamore et al., 2000). It is critical to use freshly dissolved 
creatine kinase (Roche) for optimal ATP regeneration. 
The RNAi translation assays (Fig. 1 ) were performed with 
dsRNA concentrations of 5 nM and an extended pre- 
incubation period of 15 min at 25 °C prior to the addition 
of in vitro transcribed, capped and polyadenylated Pp- 
luc and Rr-luc reporter mRNAs. The incubation was con- 
tinued for 1 h and the relative amount of Pp-luc and Rr- 
luc protein was analyzed using the dual luciferase assay 
(Promega) and a Monolight 301 0C luminometer 
(PharMingen). 

1.1.2 RNA Synthesis 

[0035] Standard procedures were used for in vitro tran- 
scription of RNA from PCR templates carrying T7 or SP6 
promoter sequences, see for example (Tuschl et al., 
1 998). Synthetic RNA was prepared using Expedite RNA 
phosphoramidites (Proligo). The 3'-adapter oligonucle- 
otide was synthesized using dimethoxytrityl-1 ,4-benzen- 
edimethanol-succinyl-aminopropyl-CPG. The oligoribo- 
nucleotides were deprotected in 3 ml of 32% ammonia/ 
ethanol (3/1) for 4 h at 55 °C (Expedite RNA) or 16 h at 
55°C (3' and 5' adapter DNA/RNA chimeric oligonucle- 
otides) and then desilylated and gel-purified as described 
previously (Tuschl et al., 1 993). RNA transcripts for dsR- 
NA preparation including long 3'-overhangs were gener- 
ated from PCR templates that contained a T7 promoter 
in sense and an SP6 promoter in antisense direction. 
The transcription template for sense and antisense target 
RNA was PCR-amplified with GCG TAATACGACTCAC- 
TATA GAACAATTGCTTTTACAG (underlined, T7 pro- 
moter) as 5'-primer and ATTTAGGTGACACTATA G- 
GCATAAAGAATTGAAGA (underlined, SP6 promoter) 
as 3'-primer and the linearized Pp-luc plasmid (pGEM- 
luc sequence) (Tuschl et al., 1 999) as template; the T7- 
transcribed sense RNA was 177 nt long with the Pp-luc 
sequence between pos. 1 13-273 relative to the start co- 
don and followed by 1 7 nt of the complement of the SP6 
promoter sequence at the 3'-end. Transcripts for blunt- 
ended dsRNA formation were prepared by transcription 
from two different PCR products which only contained a 
single promoter sequence. 
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[0036] DsRNA annealing was carried out using a phe- 
nol/chloroform extraction. Equimolar concentration of 
sense and antisense RNA (50 nM to 10 julM, depending 
on the length and amount available) in 0.3 M NaOAc (pH 
6) were incubated for 30 s at 90° C and then extracted at 5 
room temperature with an equal volume of phenol/chlo- 
roform, and followed by a chloroform extraction to re- 
move residual phenol. The resulting dsRNA was precip- 
itated by addition of 2.5-3 volumes of ethanol. The pellet 
was dissolved in lysis buffer (100 mM KCI, 30 mM 10 
HEPES-KOH, pH 7.4, 2 mM Mg(OAc) 2 ) and the quality 
of the dsRNA was verified by standard agarose gel elec- 
trophoreses in 1 x TAE-buffer. The 52 bp dsRNAs with 
the 1 7 ntand 20 nt3' overhangs (Figure 6) were annealed 
by incubating for 1 min at 95 °C, then rapidly cooled to 15 
70 °C and followed by slow cooling to room temperature 
over a 3 h period (50 |ulI annealing reaction, 1 |jlM strand 
concentration, 300 mM NaCI, 10 mM Tris-HCI, pH 7.5). 
The dsRNAs were then phenol/ chloroform extracted, 
ethanol-precipitated and dissolved in lysis buffer. 20 
[0037] Transcription of internally 32 P-radiolabeled 
RNA used for dsRNA preparation (Figures 2 and 4) was 
performed using 1 mM ATP, CTP, GTP, 0.1 or 0.2 mM 
UTP, and 0.2-0.3 julM - 32 P-UTP (3000 Ci/mmol), or the 
respective ratio for radiolabeled nucleoside triphos- 25 
phates other than UTP. Labeling of the cap of the target 
RNAs was performed as described previously. The target 
RNAs were gel-purified after cap-labeling. 

1 .1 .3 Cleavage Site Mapping 30 

[0038] Standard RNAi reactions were performed by 
pre-incubating 1 0 nM dsRNA for 1 5 min followed by ad- 
dition of 1 0 nM cap-labeled target RNA. The reaction was 
stopped after a further 2 h (Figure 2A) or 2.5 h incubation 35 
(Figure 5B and 6B) by proteinase K treatment (Tuschl et 
al., 1 999). The samples were then analyzed on 8 or 1 0% 
sequencing gels. The 21 and 22 nt synthetic RNA du- 
plexes were used at 1 00 nM final concentration (Fig 5B). 

40 

1 .1 .4 Cloning of -21 nt RNAs 

[0039] The 21 nt RNAs were produced by incubation 
of radiolabeled dsRNA in Drosophila lysate in absence 
of target RNA (200 jjiI reaction, 1 h incubation, 50 nM 45 
dsP1 1 1, or 100 nM dsP52 or dsP39). The reaction mix- 
ture was subsequently treated with proteinase K (Tuschl 
et al., 1999) and the dsRNA-processing products were 
separated on a denaturing 15% polyacrylamide gel. A 
band, including a size range of at least 1 8 to 24 nt, was 50 
excised, eluted into 0.3 M NaCI overnight at 4°C and in 
siliconized tubes. The RNA was recovered by ethanol- 
precipitation and dephosphorylated (30 julI reaction, 30 
min, 50 °C, 10 U alkaline phosphatase, Roche). The re- 
action was stopped by phenol/chloroform extraction and 55 
the RNA was ethanol-precipitated. The 3'-adapter oligo- 
nucleotide (pUUUaaccgcatccttctcx: uppercase, RNA; 
lowercase, DNA; p, phosphate; x, 4-hydroxymethylben- 



zyl) was then ligated to the dephosphorylated -21 nt RNA 
(20 julI reaction, 30 min, 37°C, 5|ulM 3'-adapter, 50 mM 
Tris-HCI, pH 7.6, 10 mM MgCI 2 , 0.2 mM ATP, 0.1 mg/ml 
acetylated BSA, 15% DMSO, 25 U T4 RNA ligase, Am- 
ersham-Pharmacia) (Pan and Uhlenbeck, 1992). The li- 
gation reaction was stopped by the addition of an equal 
volume of 8 M urea/50 mM EDTA stopmix and directly 
loaded on a 15% gel. Ligation yields were greater 50%. 
The ligation product was recovered from the gel and 5'- 
phosphorylated (20 julI reaction, 30 min, 37 0 C, 2 mM ATP, 
5 U T4 polynucleotide kinase, NEB). The phosphorylation 
reaction was stopped by phenol/chloroform extraction 
and RNA was recovered by ethanol-precipitation. Next, 
the 5'-adapter (tactaatacgactcactAAA: uppercase, RNA; 
lowercase, DNA) was ligated to the phosphorylated liga- 
tion product as described above. The new ligation prod- 
uct was gel-purified and eluted from the gel slice in the 
presence of reverse transcription primer 
(GACTAGCTGGAATTCAAGGATGCGGTTAAA: bold, 
Eco Rl site) used as carrier. Reverse transcription (15 julI 
reaction, 30 min, 42 0 C, 1 50 U Superscript 1 1 reverse tran- 
scriptase, Life Technologies) was followed by PCR using 
as 5'-primer CAGCCAACGGAATTCATACGACT- 
CACTAAA (bold, Eco Rl site) and the 3'-RT primer. The 
PCR product was purified by phenol/ chloroform extrac- 
tion and ethanol-precipitated. The PC R product was then 
digested with Eco Rl (NEB) and concatamerized using 
T4 DNA ligase (high cone, NEB). Concatamers of a size 
range of 200 to 800 bp were separated on a low-melt 
agarose gel, recovered from the gel by astandard melting 
and phenol extraction procedure, and ethanol-precipitat- 
ed. The unpaired ends were filled in by incubation with 
Taq polymerase under standard conditions for 1 5 min at 
72 °C and the DNA product was directly ligated into the 
pCR2.1 -TOPO vector using the TOPO TA cloning kit (In- 
vitrogen). Colonies were screened using PCR and 
M13-20 and M13 Reverse sequencing primers. PCR 
products were directly submitted for custom sequencing 
(Sequence Laboratories Gottingen GmbH, Germany). 
On average, four to five 21 mer sequences were obtained 
per clone. 

1.1.5 2D-TLC Analysis 

[0040] Nuclease P1 digestion of radiolabeled, gel-pu- 
rified siRNAs and 2D-TLC was carried out as described 
(Zamore at al., 2000). Nuclease T2 digestion was per- 
formed in 1 0 julI reactions for 3 h at 50 0 C in 1 0 mM am- 
monium acetate (pH 4.5) using 2 jutg/jutl carrier tRNA and 
30 U ribonuclease T2 (Life Technologies). The migration 
of non-radioactive standards was determined by UV 
shadowing. The identity of nucleoside-3',5'-disphos- 
phates was confirmed by co-migration of the T2 digestion 
products with standards prepared by 5'- 32 P-phosphor- 
ylation of commercial nucleoside 3'-monophosphates 
using y-32P-ATP and T4 polynucleotide kinase (data not 
shown). 
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1.2 Results and Discussion 

1 .2.1 Length Requirements for Processing of dsRN A 
to 21 and 22 nt RNA Fragments 

[0041] Lysate prepared from D. melanogaster syncy- 
tial embryos recapitulates RNAi in vitro providing a novel 
tool for biochemical analysis of the mechanism of RNAi 
(Tuschl et al., 1 999; Zamore et al., 2000). In vitro and in 
vivo analysis of the length requirements of dsRNA for 
RNAi has revealed that short dsRNA (<150 bp) are less 
effective than longer dsRNAs in degrading target mRNA 
(Caplen et al., 2000; Hammond et al., 2000; Ngo et al., 
1 998); Tuschl et al., 1 999). The reasons for reduction in 
mRNA degrading efficiency are not understood. We 
therefore examined the precise length requirement of 
dsRNA for target RNA degradation under optimized con- 
ditions in the Drosophila lysate (Zamore et al., 2000). 
Several series of dsRNAs were synthesized and directed 
against firefly luciferase (Pp-luc) reporter RNA. The spe- 
cific suppression of target RNA expression was moni- 
tored by the dual luciferase assay (Tuschl et al., 1999) 
(Figures 1 A and 1B). We detected specific inhibition of 
target RNA expression for dsRNAs as short as 38 bp, 
but dsRNAs of 29 to 36 bp were not effective in this proc- 
ess. The effect was independent of the target position 
and the degree of inhibition of Pp-luc mRNA expression 
correlated with the length of thedsRNA, i.e. long dsRNAs 
were more effective than short dsRNAs. 
[0042] It has been suggested that the 21-23 nt RNA 
fragments generated by processing of dsRNAs are the 
mediators of RNA interference and co-suppression 
(Hamilton and Baulcombe, 1 999; Hammond et al., 2000; 
Zamore et al., 2000). We therefore analyzed the rate of 
21 -23 ntfragment formation for asubset of dsRNAs rang- 
ing in size between 501 to 29 bp. Formation of 21-23 nt 
fragments in Drosophila lysate (Figure 2) was readily de- 
tectable for 39 to 501 bp long dsRNAs but was signifi- 
cantly delayed for the 29 bp dsRNA. This observation is 
consistent with a role of 21-23 nt fragments in guiding 
mRNA cleavage and provides an explanation for the lack 
of RNAi by 30 bp dsRNAs. The length dependence of 
21-23 mer formation is likely to reflect a biologically rel- 
evant control mechanism to prevent the undesired acti- 
vation of RNAi by short intramolecular base-paired struc- 
tures of regular cellular RNAs. 

1.2.2 39 bp dsRNA Mediates Target RNA Cleavage 
at a Single Site 

[0043] Addition of dsRNA and 5'-capped target RNA 
to the Drosophila lysate results in sequence-specificdeg- 
radation of the target RNA (Tuschl et al., 1999). The tar- 
get mRNA is only cleaved within the region of identity 
with the dsRNA and many of the target cleavage sites 
were separated by 21 -23 nt (Zamore et al., 2000). Thus, 
the number of cleavage sites for a given dsRNA was 
expected to roughly correspond to the length of the dsR- 



NA divided by 21 . We mapped the target cleavage sites 
on a sense and an antisense target RNA which was 5'- 
radiolabeled at the cap (Zamore et al., 2000) (Figures 3A 
and 3B). Stable 5'-cleavage products were separated on 

5 a sequencing gel and the position of cleavage was de- 
termined by comparison with a partial RNase T1 and an 
alkaline hydrolysis ladder from the target RNA. 
[0044] Consistent with the previous observation 
(Zamore et al., 2000), all target RNA cleavage sites were 

10 located within the region of identity to the dsRNA. The 
sense or the antisense traget was only cleaved once by 
39 bp dsRNA. Each cleavage site was located 1 0 nt from 
the 5'-end of the region covered by the dsRNA (Figure 
3B). The 52 bp dsRNA, which shares the same 5'-end 

15 with the 39 bp dsRNA, produces the same cleavage site 
on the sense target, located 1 0 nt from the 5'-end of the 
region of identity with thedsRNA, in addition to two weak- 
er cleavage sites 23 and 24 nt downstream of the first 
site. The antisense target was only cleaved once, again 

20 1 o nt from the 5'-end of the region covered by its respec- 
tive dsRNA. Mapping of the cleavage sites for the 38 to 
49 bp dsRNAs shown in Figure 1 showed that the first 
and predominant cleavage site was always located 7 to 
10 nt downstream of the region covered by the dsRNA 

25 (data not shown). This suggests that the point of target 
RNA cleavage is determined by the end of the dsRNA 
and could imply that processing to 21-23 mers starts from 
the ends of the duplex. 

[0045] Cleavage sites on sense and antisense target 

30 for the longer 1 1 1 bp dsRNA were much more frequent 
than anticipated and most of them appear in clusters sep- 
arated by 20 to 23 nt (Figures 3A and 3B). As for the 
shorter dsRNAs, the first cleavage site on the sense tar- 
get is 1 0 nt from the 5'-end of the region spanned by the 

35 dsRNA; and the first cleavage site on the antisense target 
is located 9 nt from the 5'-end of region covered by the 
dsRNA. It is unclear what causes this disordered cleav- 
age, but one possibility could be that longer dsRNAs may 
not only get processed from the ends but also internally, 

40 or there are some specificity determinants for dsRNA 
processing which we do not yet understand. Some irreg- 
ularities to the 21 -23 nt spacing were also previously not- 
ed (Zamore et al., 2000). To better understand the mo- 
lecular basis of dsRNA processing and target RNA rec- 

45 ognition, we decided to analyze the sequences of the 
21-23 nt fragments generated by processing of 39, 52, 
and 1 1 1 bp dsRNAs in the Drosophila lysate. 

1.2.3 dsRNA is Processed to 21 and 22 nt RNAs by 
50 an RNase Ill-Like Mechanism 

[0046] In order to characterize the 21-23 nt RNA frag- 
ments we examined the 5'-and 3'-termini of the RNA frag- 
ments. Periodate oxidation of gel-purified 21 -23 nt RNAs 
55 followed by ^-elimination indicated the presence of a ter- 
minal 2'-and 3'-hydroxyl groups. The 21-23 mers were 
also responsive to alkaline phosphatase treatment indi- 
cating the presence of a 5'-terminal phosphate group. 
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The presence of 5'- phosphate and 3'-hydroxyl termini 
suggests that the dsRNA could be processed by an en- 
zymatic activity similar to E. coli RNase III (for reviews, 
see (Dunn, 1982; Nicholson, 1999; Robertson, 1990; 
Robertson, 1982)). 5 
[0047] Directional cloning of 21 -23 nt RNA fragments 
was performed by ligation of a 3'-and 5'-adapter oligo- 
nucleotide to the purified 21-23 mers using T4 RNA 
ligase. The ligation products were reverse transcribed, 
PCR-amplified, concatamerized, cloned, and se- 10 
quenced. Over 220 short RNAs were sequenced from 
dsRNA processing reactions of the 39, 52 and 1 1 1 bp 
dsRNAs (Figure 4A). We found the following length dis- 
tribution: 1 % 1 8 nt, 5% 1 9 nt, 1 2% 20 nt, 45% 21 nt, 28% 
22 nt, 6% 23 nt, and 2% 24 nt. Sequence analysis of the 15 
5'-terminal nucleotide of the processed fragments indi- 
cated that oligonucleotides with a 5'-guanosine were un- 
derrepresented. This bias was most likely introduced by 
T4 RNA ligase which discriminates against 5'-phospho- 
rylated guanosine as donor oligonucleotide; no signifi- 20 
cant sequence bias was seen at the 3' end. Many of the 
-21 nt fragments derived from the 3'-ends of the sense 
or antisense strand of the duplexes include 3'-nucle- 
otides that are derived from untemplated addition of nu- 
cleotides during RNA synthesis using T7 RNA polymer- 25 
ase. Interestingly, a significant number of endogenous 
Drosophila -21 nt RNAs were also cloned, some of them 
from LTR and non-LTR retrotransposons (data not 
shown). This is consistent with a possible role for RNAi 
in transposon silencing. 30 
[0048] The -21 nt RNAs appear in clustered groups 
(Figure 4A) which cover the entire dsRNA sequences. 
Apparently, the processing reaction cuts the dsRNA by 
leaving staggered 3'-end, another characteristic of 
RNase III cleavage. For the 39 bp dsRNA, two clusters 35 
of -21 nt RNAs were found from each dsRNA-constitut- 
ing strand including overhanging 3'-ends, yet only one 
cleavage site was detected on the sense and antisense 
target (Figures 3A and 3B). If the -21 nt fragments were 
present as single-stranded guide RNAs in a complex that 40 
mediates mRNA degradation, it could be assumed that 
at least two target cleavage sites exist, but this was not 
the case. This suggests that the -21 nt RNAs may be 
present in double-stranded form in the endonuclease 
complex but that only one of the strands can be used for 45 
target RNA recognition and cleavage. The use of only 
one of the ~21 nt strands for target cleavage may simply 
be determined by the orientation in which the -21 nt du- 
plex is bound to the nuclease complex. This orientation 
is defined by the direction in which the original dsRNA 50 
was processed. 

[0049] The -21 mer clusters for the 52 bp and 1 1 1 bp 
dsRNA are less well defined when compared to the 39 
bp dsRNA. The clusters are spread over regions of 25 
to 30 nt most likely representing several distinct subpop- 55 
ulations of -21 nt duplexes and therefore guiding target 
cleavage at several nearby sites. These cleavage re- 
gions are still predominantly separated by 20 to 23 nt 



20 

intervals. The rules determining how regular dsRNA can 
be processed to -21 nt fragments are not yet understood, 
but it was previously observed that the approx. 21 -23 nt 
spacing of cleavage sites could be altered by a run of 
uridines (Zamore et al., 2000). The specificity of dsRNA 
cleavage by E. coli RNase III appears to be mainly con- 
trolled by antideterminants, i.e. excluding some specific 
base-pairs at given positions relative to the cleavage site 
(Zhang and Nicholson, 1997). 

[0050] To test whether sugar-, base- or cap-modifica- 
tion were present in processed -21 nt RNA fragments, 
we incubated radiolabeled 505 bp Pp-lucdsRNA in lysate 
for 1 h, isolated the -21 nt products, and digested it with 
P1 or T2 nuclease to mononucleotides. The nucleotide 
mixture was then analyzed by 2D thin-layer chromatog- 
raphy (Figure 4B). None of the four natural ribonucle- 
otides were modified as indicated by P1 or T2 digestion. 
We have previously analyzed adenosine to inosine con- 
version in the -21 nt fragments (after a 2 h incubation) 
and detected a small extent (<0.7%) deamination 
(Zamore et al., 2000); shorter incubation in lysate (1 h) 
reduced this inosine fraction to barely detectable levels. 
RNase T2, which cleaves 3' of the phosphodiester link- 
age, produced nucleoside 3'-phosphate and nucleoside 
3',5'-diphosphate, thereby indicating the presence of a 
5'-terminal monophosphate. All four nucleoside 3',5'-di- 
phosphates were detected and suggest that the internu- 
cleotidic linkage was cleaved with little or no sequence- 
specificity. In summary, the -21 ntfragments are unmodi- 
fied and were generated from dsRNA such that 5'-mono- 
phosphates and 3'-hydroxyls were present at the 5'-end. 

1.2.4 Synthetic 21 and 22 nt RNAs Mediate Target 
RNA Cleavage 

[0051] Analysis of the products of dsRNA processing 
indicated that the -21 nt fragments are generated by a 
reaction with all the characteristics of an RNase III cleav- 
age reaction (Dunn, 1982; Nicholson, 1999; Robertson, 
1990; Robertson, 1982). RNase III makes two staggered 
cuts in both strands of the dsRNA, leaving a 3'-overhang 
of about 2 nt. We chemically synthesized 21 and 22 nt 
RNAs, identical in sequence to some of the cloned -21 
nt fragments, and tested them for their ability to mediate 
target RNA degradation (Figures 5A and 5B). The 21 and 
22 nt RNA duplexes were incubated at 100 nM concen- 
trations in the lysate, a 1 0-fold higher concentrations than 
the 52 bp control dsRNA. Under these conditions, target 
RNA cleavage is readily detectable. Reducing the con- 
centration of 21 and 22 nt duplexes from 100 to 10 nM 
does still cause target RNA cleavage. Increasing the du- 
plex concentration from 100 nM to 1000 nM however 
does not further increase target cleavage, probably due 
to a limiting protein factor within the lysate. 
[0052] In contrast to 29 or 30 bp dsRNAs that did not 
mediate RNAi, the 21 and 22 nt dsRNAs with overhang- 
ing 3'-ends of 2 to 4 nt mediated efficient degradation of 
target RNA (duplexes 1,3,4, 6, Figures 5A and 5B). 
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Blunt-ended 21 or 22 nt dsRNAs (duplexes 2, 5, and 7, 
Figures 5A and 5B) were reduced in their ability to de- 
grade the target and indicate that overhanging 3'-ends 
are critical for reconstitution of the RNA-protein nuclease 
complex. The single-stranded overhangs may be re- 5 
quired for high affinity binding of the ~ 21 nt duplex to the 
protein components. A 5'-terminal phosphate, although 
present after dsRNA processing, was not required to me- 
diate target RNA cleavage and was absent from the short 
synthetic RNAs. The synthetic 21 and 22 nt duplexes 10 
guided cleavage of sense as well as antisense targets 
within the region covered by the short duplex. This is an 
important result considering that a 39 bp dsRNA, which 
forms two pairs of clusters of -21 nt fragments (Fig. 2), 
cleaved sense or antisense target only once and not 15 
twice. We interpret this result by suggesting that only one 
of two strands present in the -21 nt duplex is able to 
guide target RNA cleavage and that the orientation of the 
-21 nt duplex in the nuclease complex is determined by 
the initial direction of dsRNA processing. The presenta- 20 
tion of an already perfectly processed -21 nt duplex to 
the in vitro system however does allow formation of the 
active sequence-specific nuclease complex with two 
possible orientations of the symmetric RNA duplex. This 
results in cleavage of sense as well as antisense target 25 
within the region of identity with the 21 nt RNA duplex. 
[0053] The target cleavage site is located 11 or 12 nt 
downstream of the first nucleotide that is complementary 
to the 21 or 22 nt guide sequence, i.e. the cleavage site 
is near center of the region covered by the 21 or 22 nt 30 
RNAs (Figures 4A and 4B). Displacing the sense strand 
of a 22 nt duplex by two nucleotides (compare duplexes 
1 and 3 in Figure 5A) displaced the cleavage site of only 
the antisense target by two nucleotides. Displacing both 
sense and antisense strand by two nucleotides shifted 35 
both cleavage sites by two nucleotides (compare duplex- 
es 1 and 4). We predict that it will be possible to design 
a pair of 21 or 22 nt RNAs to cleave a target RNA at 
almost any given position. 

[0054] The specificity of target RNA cleavage guided 40 
by 21 and 22 nt RNAs appears exquisite as no aberrant 
cleavage sites are detected (Figure 5B). It should how- 
ever be noted, that the nucleotides present in the 3' over- 
hang of the 21 and 22 nt RNA duplex may contribute less 
to substrate recognition than the nucleotides near the 45 
cleavage site. This is based on the observation that the 
3'-most nucleotide in the 3'-overhang of the active du- 
plexes 1 or 3 (Figure 5A) is not complementary to the 
target. A detailed analysis of the specificity of RNAi can 
now be readily undertaken using synthetic 21 and 22 nt 50 
RNAs. 

[0055] Based on the evidence that synthetic 21 and 22 
nt RNAs with overhanging 3'-ends mediate RNA inter- 
ference, we propose to name the -21 nt RNAs "short 
interfering RNAs" or siRNAs and the respective RNA- 55 
protein complex a "small interfering ribonucleoprotein 
particle" or siRNP. 



1 .2.5 3'-Overhangs of 20 nt on short dsRNAs inhibit 
RNAi 

[0056] We have shown that short blunt-ended dsRNAs 
appear to be processed from the ends of the dsRNA. 
During our study of the length dependence of dsRNA in 
RNAi, we have also analyzed dsRNAs with 17 to 20 nt 
overhanging 3'-ends and found to our surprise that they 
were less potent than blunt-ended dsRNAs. The inhibi- 
tory effect of long 3'-ends was particularly pronounced 
for dsRNAs up to 100 bp but was less dramatic for longer 
dsRNAs. The effect was not due to imperfect dsRNA for- 
mation based on native gel analysis (data not shown). 
We tested if the inhibitory effect of long overhanging 3'- 
ends could be used as a tool to direct dsRNA processing 
to only one of the two ends of a short RNA duplex. 
[0057] We synthesized four combinations of the 52 bp 
model dsRNA, blunt-ended, 3'-extension on only the 
sense strand, 3'-extension on only the antisense strand, 
and double 3'-extension on both strands, and mapped 
the target RNA cleavage sites after incubation in lysate 
(Figures 6A and 6B). The first and predominant cleavage 
site of the sense target was lost when the 3'-end of the 
antisense strand of the duplex was extended, and vice 
versa, the strong cleavage site of the antisense target 
was lost when the 3'-end of sense strand of the duplex 
was extended. 3'-Extensions on both strands rendered 
the 52 bp dsRNA virtually inactive. One explanation for 
the dsRNA inactivation by -20 nt 3'-extensions could be 
the association of single-stranded RNA-binding proteins 
which could interfere with the association of one of the 
dsRNA-processing factors at this end. This result is also 
consistent with our model where only one of the strands 
of the siRNA duplex in the assembled siRNP is able to 
guide target RNA cleavage. The orientation of the strand 
that guides RNA cleavage is defined by the direction of 
the dsRNA processing reaction. It is likely that the pres- 
ence of 3'-staggered ends may facilitate the assembly of 
the processing complex. A block at the 3'-end of the 
sense strand will only permit dsRNA processing from the 
opposing 3'-end of the antisense strand. This in turn gen- 
erates siRNP complexes in which only the antisense 
strand of the siRNA duplex is able to guide sense target 
RNA cleavage. The same is true for the reciprocal situ- 
ation. 

[0058] The less pronounced inhibitory effect of long 3'- 
extensions in the case of longer dsRNAs (>500 bp, data 
not shown) suggests to us that long dsRNAs may also 
contain internal dsRNA-processing signals or may get 
processed cooperatively due to the association of multi- 
ple cleavage factors. 

1.2.6 A Model for dsRNA-Directed mRNA Cleavage 

[0059] The new biochemical data update the model for 
how dsRNA targets mRNA for destruction (Figure 7). 
Double-stranded RNA is first processed to short RNA 
duplexes of predominantly 21 and 22 nt in length and 
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with staggered 3' ends similar to an RNase Ill-like reac- 
tion (Dunn, 1982; Nicholson, 1999; Robertson, 1982). 
Based on the 21 -23 nt length of the processed RNA frag- 
ments it has already been speculated that an RNase Ill- 
like activity may be involved in RNAi (Bass, 2000). This 
hypothesis is further supported by the presence of 5'- 
phosphates and 3'-hydroxyls at the termini of the siRN As 
as observed in RNase III reaction products (Dunn, 1982; 
Nicholson, 1 999). Bacterial RNase III and the eukaryotic 
homologs Rntlp in S. cerevisiae and Padp in S. pombe 
have been shown to function in processing of ribosomal 
RNA as well as snRNA and snoRNAs (see for example 
Chanfreau et al., 2000). 

[0060] Little is known about the biochemistry of RNase 
III homologs from plants, animals or human. Two families 
of RNase III enzymes have been identified predominantly 
by database-guided sequence analysis or cloning of cD- 
N As. The first RNase 1 1 1 family is represented by the 1 327 
amino acid long D. melanogaster protein drosha (Acc. 
AF1 1 6572). The C-terminus is composed of two RNase 
III and one dsRNA-binding domain and the N-terminus 
is of unknown function. Close homologs are also found 
in C. elegans (Acc. AF1 60248) and human (Acc. 
AF1 89011) (Filippov et al., 2000; Wu et al., 2000). The 
drosha-like human RNase III was recently cloned and 
characterized (Wu et al., 2000). The gene is ubiquitously 
expressed in human tissues and cell lines, and the protein 
is localized in the nucleus and the nucleolus of the cell. 
Based on results inferred from antisense inhibition stud- 
ies, a role of this protein for rRNA processing was sug- 
gested. The second class is represented by the C. ele- 
gans gene K12H4.8 (Acc. S44849) coding for a 1822 
amino acid long protein. This protein has an N-terminal 
RNA helicase motif which is followed by 2 RNase III cat- 
alytic domains and a dsRNA-binding motif, similar to the 
drosha RNase III family. There are close homologs in S. 
pombe (Acc. Q09884), A. thaliana (Acc. AF187317), D. 
melanogaster (Acc. AE003740), and human (Acc. 
AB028449) (Filippov et al., 2000; Jacobsen et al., 1999; 
Matsuda et al., 2000). Possibly the K12H4.8 RNase III/ 
helicase is the likely candidate to be involved in RNAi. 
[0061] Genetic screens in C. elegans identified rde-1 
and rde-4 as essential for activation of RNAi without an 
effect on transposon mobilization or co-suppression 
(Dernburg et al., 2000; Grishok et al., 2000; Ketting and 
Plasterk, 2000; Tabara et al., 1999). This led to the hy- 
pothesis that these genes are important for dsRNA 
processing but are not involved in mRNA target degra- 
dation. The function of both genes is as yet unknown, 
the rde- 1 gene product is a member of afamily of proteins 
similar to the rabbit protein elF2C (Tabara et al., 1 999), 
and the sequence of rde-4 has not yet been described. 
Future biochemical characterization of these proteins 
should reveal their molecular function. 
[0062] Processing to the siRNA duplexes appears to 
start from the ends of both blunt-ended dsRNAs or dsR- 
NAs with short (1-5 nt) 3'-overhangs, and proceeds in 
approximately 21 -23 nt steps. Long (-20 nt) 3'-staggered 



ends on short dsRNAs suppress RNAi, possibly through 
interaction with single-stranded RNA-binding proteins. 
The suppression of RNAi by single-stranded regions 
flanking short dsRNA and the lack of siRNA formation 
5 from short 30 bp dsRNAs may explain why structured 
regions frequently encountered in mRNAs do not lead to 
activation of RNAi. 

[0063] Without wishing to be bound by theory, we pre- 
sume that the dsRNA-processing proteins or a subset of 
10 these remain associated with the siRNA duplex after the 
processing reaction. The orientation of the siRNA duplex 
relative to these proteins determines which of the two 
complementary strands functions in guiding target RNA 
degradation. Chemically synthesized siRNA duplexes 
15 guide cleavage of sense as well as antisense target RNA 
as they are able to associate with the protein components 
in either of the two possible orientation. 
[0064] The remarkable finding that synthetic 21 and 
22 nt siRNA duplexes can be used for efficient mRNA 
degradation provides new tools for sequence-specific 
regulation of gene expression in functional genomics as 
well as biomedical studies. The siRNAs may be effective 
in mammalian systems where long dsRNAs cannot be 
used due to the activation of the PKR response (Clem- 
ens, 1997). As such, the siRNA duplexes represent a 
new alternative to antisense or ribozyme therapeutics. 

Example 2 



[0065] 21 nt RNAs were chemically synthesized using 
Expedite RNA phosphoramidites and thymidine phos- 
phoramidite (Proligo, Germany). Synthetic oligonucle- 
otides were deprotected and gel-purified (Example 1), 

*o followed by Sep-Pak C1 8 cartridge (Waters, Milford, MA, 
USA) purification (Tuschl, 1 993). The siRNA sequences 
targeting GL2 (Acc. X65324) and GL3 luciferase (Acc. 
U47296) corresponded to the coding regions 153-173 
relative to the first nucleotide of the start codon, siRNAs 

45 targeting RL (Acc. AF025846) corresponded to region 
1 19-129 after the start codon. Longer RNAs were tran- 
scribed with T7 RNA polymerase from PCR products, 
followed by gel and Sep-Pak purification. The 49 and 484 
bp GL2 or GL3 dsRNAs corresponded to position 

50 1 13-161 and 1 13-596, respectively, relative to the start 
of translation; the 50 and 501 bp RL dsRNAs correspond- 
ed to position 1 1 8-1 67 and 1-18-618, respectively. PCR 
templates for dsRNA synthesis targeting humanized 
GFP (hG) were amplified from pAD3 (Kehlenbach, 1 998), 

55 whereby 50 and 501 bp hG dsRNA corresponded to po- 
sition 1 1 8-1 67 and 1 1 8-61 8, respectively, to the start co- 
don. 

[0066] For annealing of siRNAs, 20 /uM single strands 
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30 RNA Interference in Human Tissue Cultures 
2.1 Methods 
2.1.1 RNA preparation 

35 
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were incubated in annealing buffer (100 mM potassium 
acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM magne- 
sium acetate) for 1 min at 90°C followed by 1 h at37°C. 
The 37° C incubation step was extended overnight for the 
50 and 500 bp dsRNAs and these annealing reactions 5 
were performed at 8.4 |jiM and 0.84 |mM strand concen- 
trations, respectively. 

2.1.2 Cell Culture 

10 

[0067] S2 cells were propagated in Schneider's Dro- 
sophila medium (Life Technologies) supplemented with 
10% FBS, 100 units/ml penicillin and 100 |mg/ml strepto- 
mycin at25°C. 293, NIH/3T3, Hel_aS3, COS-7 cells were 
grown at 37 °C in Dulbecco's modified Eagle's medium 15 
supplemented with 1 0% FBS, 1 00 units/ml penicillin and 
100 |mg/ml streptomycin. Cells were regularly passaged 
to maintain exponential growth. 24 h before transfection 
at approx. 80% confluency, mammalian cells were 
trypsinized and diluted 1 :5 with fresh medium without an- 20 
tibiotics (1-3 x 10 5 cells/ml) and transferred to 24-well 
plates (500 |ml/well). S2 cells were not trypsinized before 
splitting. Transfection was carried out with Lipofectamine 
2000 reagent (Life Technologies) as described by the 
manufacturer for adherent cell lines. Per well, 1.0 |mg 25 
pGL2-Control (Promega) or pGL3-Control (Promega), 
0.1 jutg pRL-TK (Promega) and 0.28 |mg siRNA duplex or 
dsRNA, formulated into liposomes, were applied; the final 
volume was 600 (jlI per well. Cells were incubated 20 h 
after transfection and appeared healthy thereafter. Luci- 30 
ferase expression was subsequently monitored with the 
Dual luciferase assay (Promega). Transfection efficien- 
cies were determined by fluorescence microscopy for 
mammalian cell lines after co-transfection of 1.1 /jug 
hGFP-encoding pAD3 and 0.28 jutg invGL2 inGL2 siRNA 35 
and were 70-90%. Reporter plasmids were amplified in 
XL-1 Blue (Stratagene) and purified using the Qiagen 
EndoFree Maxi Plasmid Kit. 

2.2 Results and Discussion 40 

[0068] To test whether siRNAs are also capable of me- 
diating RNAi in tissue culture, we synthesized 21 nt siR- 
NA duplexes with symmetric 2 nt 3'-overhangs directed 
against reporter genes coding for sea pansy (Renilla reni- 45 
formis) and two sequence variants of firefly (Photinus 
pyrafis, GL2 and GL3) luciferases (Fig. 8a, b). The siRNA 
duplexes were co-transfected with the reporter plasmid 
combinations pGL2/pRL or pGL3/pRL into D. mefa- 
nogaster Schneider S2 cells or mammalian cells using 50 
cationic liposomes. Luciferase activities were deter- 
mined 20 h after transfection. In all cell lines tested, we 
observed specific reduction of the expression of the re- 
porter genes in the presence of cognate siRNA duplexes 
(Fig. 9a-j). Remarkably, the absolute luciferase expres- 55 
sion levels were unaffected by non-cognate siRNAs, in- 
dicating the absence of harmful side effects by 21 nt RNA 
duplexes (e.g. Fig. 10a-d for HeLa cells). In D. mela- 



nogaster S2 cells (Fig. 9a, b), the specific inhibition of 
luciferases was complete. In mammalian cells, where the 
reporter genes were 50- to 1 00-fold stronger expressed, 
the specific suppression was less complete (Fig. 9c-j). 
GL2 expression was reduced 3- to 12-ford, GL3 expres- 
sion 9- to 25-fold and RL expression 1-to 3-fold, in re- 
sponse to the cognate siRNAs. For 293 cells, targeting 
of RL luciferase by RL siRNAs was ineffective, although 
GL2 and GL3 targets responded specifically (Fig. 9i, j). 
The lack of reduction of RL expression in 293 cells may 
be due to its 5- to 20-fold higher expression compared 
to any other mammalian cell line tested and/or to limited 
accessibility of the target sequence due to RNA second- 
ary structure or associated proteins. Nevertheless, spe- 
cific targeting of GL2 and GL3 luciferase by the cognate 
siRNA duplexes indicated that RNAi is also functioning 
in 293 cells. 

[0069] The 2 nt 3'-overhang in all siRNA duplexes, ex- 
cept for uGL2, was composed of (2'-deoxy) thymidine. 
Substituion of uridine by thymidine in the 3'-overhang 
was well tolerated in the D, melanogaster in vitro sytem 
and the sequence of the overhang was uncritical for tar- 
get recognition. The thymidine overhang was chosen, 
because it is supposed to enhance nuclease resistance 
of siRNAs in the tissue culture medium and within trans- 
fected cells. Indeed, the thymidine-modified GL2 siRNA 
was slightly more potent than the unmodified uGL2 siR- 
NA in all cell lines tested (Fig. 9a, c, e, g, i). It is conceiv- 
able that further modifications of the 3'-overhanging nu- 
cleotides may provide additional benefits to the delivery 
and stability of siRNA duplexes. 

[0070] In co-transfection experiments, 25 nM siRNA 
duplexes with respect to the final volume of tissue culture 
medium were used (Fig. 9, 10). Increasing the siRNA 
concentration to 100 nM did not enhance the specific 
silencing effects, but started to affect transfection effi- 
ciencies due to competition for liposome encapsulation 
between plasmid DNA and siRNA (data not shown). De- 
creasing the siRNA concentration to 1.5 nM did not re- 
duce the specific silencing effect (data not shown), even 
though the siRNAs were now only 2- to 20-fold more con- 
centrated than the DNA plasmids. This indicates that si R- 
NAs are extraordinarily powerful reagents for mediating 
gene silencing and that siRNAs are effective at concen- 
trations that are several orders of magnitude below the 
concentrations applied in conventional antisense or ri- 
bozyme gene targeting experiments. 
[0071] In order to monitor the effect of longer dsRNAs 
on mammalian cells, 50 and 500 bp dsRNAs cognate to 
the reporter genes were prepared. As nonspecific con- 
trol, dsRNAs from humanized GFP (hG) (Kehlenbach, 
1 998) was used. When dsRNAs were co-transfected, in 
identical amounts (not concentrations) to the siRNA du- 
plexes, the reporter gene expression was strongly and 
unspecifically reduced. This effect is illustrated for HeLa 
cells as a representative example (Fig. 10a-d). The ab- 
solute luciferase activities were decreased unspecifically 
10- to 20-fold by 50 bp dsRNA and 20- to 200-fold by 
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500 bp dsRNA co-transfection, respectively. Similar un- 
specific effects were observed for COS-7 and NIH/3T3 
cells. For 293 cells, a 1 0- to 20-fold unspecific reduction 
was observed only for 500 bp dsRNAs. Unspecific re- 
duction in reporter gene expression by dsRNA > 30 bp 
was expected as part of the interferon response. 
[0072] Surprisingly, despite the strong unspecific de- 
crease in reporter gene expression, we reproducibly de- 
tected additional sequence-specific, dsRNA-mediated 
silencing. The specific silencing effects, however, were 
only apparent when the relative reporter gene activities 
were normalized to the hG dsRNA controls (Fig. 1 0e, f). 
A 2- to 1 0-fold specific reduction in response to cognate 
dsRNA was observed, also in the otherthree mammalian 
cell lines tested (data not shown). Specific silencing ef- 
fects with dsRNAs (356-1 662 bp) were previously report- 
ed in CHO-K1 cells, but the amounts of dsRNA required 
to detect a 2- to 4-fold specific reduction were about 20- 
fold higher than in our experiments (Ui-Tei, 2000). Also 
CHO-K1 cells appear to be deficient in the interferon re- 
sponse. In another report, 293, NIH/3T3 and BHK-21 
cells were tested for RNAi using luciferase/lacZ reporter 
combinations and 829 bp specific lacZ or 71 7 bp unspe- 
cific GFP dsRNA (Caplen, 2000). The failure of detecting 
RNAi in this case may be due to the less sensitive luci- 
ferase/lacz reporter assay and the length differences of 
target and control dsRNA. Taken together, our results 
indicate that RNAi is active in mammalian cells, but that 
the silencing effect is difficult to detect, if the interferon 
system is activated by dsRNA > 30 bp. 
[0073] In summary, we have demonstrated for the first 
time siRNA-mediated gene silencing in mammalian cells. 
The use of short siRNAs holds great promise for inacti- 
vation of gene function in human tissue culture and the 
development of gene-specific therapeutics. 

Example 3 

Specific Inhibition of Gene Expression by RNA In- 
terference 

3.1 Materials and Methods 

3.1.1 RNA preparation and RNAi assay 

[0074] Chemical RNA synthesis, annealing, and luci- 
ferase-based RNAi assays were performed as described 
in Examples 1 or 2 or in previous publications (Tuschl et 
al., 1 999; Zamore et al., 2000). All siRNA duplexes were 
directed against firefly luciferase, and the luciferase mR- 
NA sequence was derived from pGEM-luc (GenBank 
acc. X6531 6) as described (Tuschl et al., 1 999). The siR- 
NA duplexes were incubated in D. melanogaster RNAi/ 
trans-lation reaction for 15 min prior to addition of mR- 
NAs. Translation-based RNAi assays were performed at 
least in triplicates. 

[0075] For mapping of sense target RNA cleavage, a 
177-nt transcript was generated, corresponding to the 



firefly luciferase sequence between positions 113-273 
relative to the start codon, followed by the 1 7-nt comple- 
ment of the SP6 promoter sequence. For mapping of 
antisense target RNA cleavage, a 1 66-nt transcript was 

5 produced from a template, which was amplified from 
plasmid sequence by PCR using 5'-primer TAATAC- 
GACTCACTATAGA GCCCATATCGTTTCATA (T7 pro- 
moter underlined) and 3'-primer AGAGGATGGAAC- 
CGCTGG. The targetsequence corresponds to the com- 

10 plement of the firefly luciferase sequence between posi- 
tions 50-215 relative to the start codon. Guanylyl trans- 
ferase labelling was performed as previously described 
(Zamore et al., 2000). For mapping of target RNA cleav- 
age, 100 nM siRNA duplex was incubated with 5 to 10 

15 nM target RNA in D. melanogaster embryo lysate under 
standard conditions (Zamore et al., 2000) for 2 h at25°C. 
The reaction was stopped by the addition of 8 volumes 
of proteinase K buffer (200 mM Tris-HCI pH 7.5, 25 mM 
EDTA, 300 mM NaCI, 2% w/v sodium dodecyl sulfate). 

20 Proteinase K (E.M. Merck, dissolved in water) was added 
to a final concentration of 0.6 mg/ml. The reactions were 
then incubated for 15 min at 65 °C, extracted with phenol/ 
chloroform/isoamyl alcohol (25:24:1) and precipitated 
with 3 volumes of ethanol. Samples were located on 6% 

25 sequencing gels. Length standards were generated by 
partial RNase T1 digestion and partial base hydrolysis 
of the cap-labelled sense or antisense target RNAs. 

3.2 Results 

30 

3.2.1 Variation of the 3'-overhang in duplexes of 
21-nt siRNAs 

[0076] As described above, 2 or 3 unpaired nucle- 
us otides at the 3'-end of siRNA duplexes were more effi- 
cient in target RNA degradation than the respective blunt- 
ended duplexes. To perform a more comprehensive 
analysis of the function of the terminal nucleotides, we 
synthesized five 21 -nt sense siRNAs, each displayed by 
40 one nucleotide relative to the target RNA, and eight 21 - 
nt antisense siRNAs, each displaced by one nucleotide 
relative to the target (Figure 11 A). By combining sense 
and antisense siRNAs, eight series of siRNA duplexes 
with synthetic overhanging ends were generated cover- 
45 jng a range of 7-nt 3'-overhang to 4-nt 5'-overhang. The 
interference of siRNA duplexes was measured using the 
dual luciferase assay system (Tuschl et al., 1999; 
Zamore et al., 2000). siRNA duplexes were directed 
against firefly luciferase mRNA, and sea pansy luciferase 
50 mRNA was used as internal control. The luminescence 
ratio of target to control luciferase activity was determined 
in the presence of siRNA duplex and was normalized to 
the ratio observed in the absence of dsRNA. For com- 
parison, the interference ratios of long dsRNAs (39 to 
55 504 pb) are shown in Figure 1 1 B. The interference ratios 
were determined at concentrations of 5 nM for long dsR- 
NAs (Figure 11 A) and at 100 nM for siRNA duplexes 
(Figure 11C-J). The 100 nM concentrations of siRNAs 
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was chosen, because complete processing of 5 nM 504 
bp dsRNA would result in 1 20 nM total siRNA duplexes. 
[0077] The ability of 21 -nt siRNA duplexes to mediate 
RNAi is dependent on the number of overhanging nucle- 
otides or base pairs formed. Duplexes with four to six 3'- 
overhanging nucleotides were unable to mediate RNAi 
(Figure 11C-F), as were duplexes with two or more 5'- 
overhanging nucleotides (Figure 11G-J). The duplexes 
with 2-nt 3'-overhangs were most efficient in mediating 
RNA interference, though the efficiency of silencing was 
also sequence-dependent, and up to 12-fold differences 
were observed for different siRNA duplexes with 2-nt 3'- 
overhangs (compare Figure 1 1 D-H). Duplexes with 
blunted ends, 1 -nt 5'-overhang or 1 - to 3-nt 3'-overhangs 
were sometimes functional. The small silencing effect 
observed forthesiRNAduplex with 7-nt3'-overhang (Fig- 
ure 1 1C) may be due to an antisense effect of the long 
3'-overhang rather than due to RNAi. Comparison of the 
efficiency of RNAi between long dsRNAs (Fig. 1 1 B) and 
the most effective 21 -nt siRNA duplexes (Fig. 1 1 E, G, H) 
indicates that a single siRNA duplex at 1 00 nM concen- 
tration can be as effective as 5 nM 504 bp dsRNA. 

3.2.2 Length variation of the sense siRNA paired to 
an invariant 21 -nt antisense siRNA 

[0078] In order to investigate the effect of length of siR- 
NA on RNAi, we prepared 3 series of siRNA duplexes, 
combining three 21 -nt antisense strands with eight, 18- 
to 25-nt sense strands. The 3'-overhang of the antisense 
siRNA was fixed to 1, 2, or 3 nt in each siRNA duplex 
series, while the sense siRNA was varied at its 3'-end 
(Figure 12A). Independentof the lenghtof the sense siR- 
NA, we found that duplexes with 2-nt 3'-overhang of an- 
tisense siRNA (Figure 1 2C) were more active than those 
with 1- or 3-nt 3'-overhang (Figure 12B, D). In the first 
series, with 1 -nt 3'-overhang of antisense si RNA, duplex- 
es with a 21 - and 22-nt sense siRNAs, carrying a 1 - and 
2-nt 3'-overhang of sense siRNA, respectively, were 
most active. Duplexes with 19- to 25-nt sense siRNAs 
were also able to mediate RNA, but to a lesser extent. 
Similarly, in the second series, with 2-nt overhang of an- 
tisense siRNA, the 21 -nt siRNA duplex with 2-nt 3'-over- 
hang was most active, and any other combination with 
the 18- to 25-nt sense siRNAs was active to a significant 
degree. In the last series, with 3-nt antisense siRNA 3'- 
overhang, only the duplex with a 20-nt sense siRNA and 
the 2-nt sense 3'-overhang was able to reduce target 
RNA expression. Together, these results indicate that 
the length of the siRNA as well as the length of the 3'- 
overhang are important, and that duplexes of 21 -nt siR- 
NAs with 2-nt 3'-overhang are optimal for RNAi. 

3.2.3 Length variation of siRNA duplexes with a con- 
stant 2-nt 3'-overhang 

[0079] We then examined the effect of simultaneously 
changing the length of both siRNAstrands by maintaining 



symmetric 2-nt 3'-overhangs (Figure 1 3A). Two series of 
siRNAduplexes were prepared including the21 -ntsiRNA 
duplex of Figure 1 1 H as reference. The length of the du- 
plexes was varied between 20 to 25 bp by extending the 

5 base-paired segment at the 3'-end of the sense siRNA 
(Figure 1 3B) or at the 3'-end of the antisense si RNA (Fig- 
ure 13C). Duplexes of 20 to 23 bp caused specific re- 
pression of target luciferase activity, but the 21 -nt siRNA 
duplex was at least 8-fold more efficient than any of the 

10 other duplexes. 24- and 25-nt siRNA duplexes did not 
result in any detectable interference. Sequence-specific 
effects were minor as variations on both ends of the du- 
plex produced similar effects. 

15 3.2.4 2'-Deoxy and 2'-0-methyl-modified siRNA du- 
plexes 

[0080] To assess the importance of the siRNA ribose 
residues for RNAi, duplexes with 21 -nt siRNAs and 2-nt 

20 3'-overhangs with 2'-deoxy- or 2'-0-methyl-modified 
strands were examined (Figure 14). Substitution of the 
2-nt3'-overhangs by 2'-deoxy-nucleotides had no effect, 
and even the replacement of two additional riboncle- 
otides adjacent to the overhangs in the paired region, 

25 produced significantly active siRNAs. Thus, 8 out of 42 
nt of a siRNA duplex were replaced by DNA residues 
without loss of activity. Complete substitution of one or 
both siRNA strands by 2'-deoxy residues, however, abol- 
ished RNAi, as did substitution by 2'-0-methyl residues. 

30 

3.2.5 Definition of target RNA cleavage sites 

[0081 ] Target RNA cleavage positions were previously 
determined for 22-nt siRNA duplexes and for a 21 -nt/22- 

35 nt duplex. It was found that the position of the target RNA 
cleavage was located in the centre of the region covered 
by the siRNA duplex, 11 or 1 2 nt downstream of the first 
nucleotide that was complementary to the 21- or 22-nt 
siRNA guide sequence. Five distinct21 -nt siRNA duplex- 

40 es with 2-nt 3'-overhang (Figure 15A) were incubated 
with 5' cap-labelled sense or antisense target RNA in D. 
melanogaster lysate (Tuschl et al., 1999; Zamore et al., 
2000). The 5'-cleavage products were resolved on se- 
quencing gels (Figure 1 5B). The amount of sense target 

45 RNA cleaved correlates with the efficiency of siRNA du- 
plexes determined in the translation-based assay, and 
siRNA duplexes 1 , 2 and 4 (Figure 1 5B and 1 1 H, G, E) 
cleave target RNA faster than duplexes 3 and 5 (Figure 
1 5B and 1 1 F, D). Notably, the sum of radioactivity of the 

50 5'-cleavage product and the input target RNA were not 
constant over time, and the 5'-cleavage products did not 
accumulate. Presumably, the cleavage products, once 
released from the siRNA-endonuclease complex, are 
rapidly degraded due to the lack of either of the poly(A) 

55 tail of the 5'-cap. 

[0082] The cleavage sites for both, sense and anti- 
sense target RNAs were located in the middle of the re- 
gion spanned by the siRNA duplexes. The cleavage sites 
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for each target produced by the 5 different duplexes var- 
ied by 1 -nt according to the 1 -nt displacement of the du- 
plexes along the target sequences. The targets were 
cleaved precisely 1 1 nt downstream of the target position 
complementary to the 3'-most nucleotide of the se- 
quence-complementary guide siRNA (Figure 15A, B). 
[0083] In order to determine, whether the 5'-or the 3'- 
endof theguidesiRNA sets the ruler for target RNAcleav- 
age, we devised the experimental strategy outlined in 
Figure 16A and B. A 21 -nt antisense siRNA, which was 
kept invariant for this study, was paired with sense siR- 
NAs that were modified at either of their 5'-or 3'-ends. 
The position of sense and antisense target RNAcleavage 
was determined as described above. Changes in the 3'- 
end of the sense siRNA, monitored for 1 -nt 5'-overhang 
to 6-nt 3'-overhang, did neither effect the position of 
sense nor antisense target RNA cleavage (Figure 16C). 
Changes in the 5'-end of the sense siRNA did no affect 
the sense target RNAcleavage (Figure 16D, top panel), 
which was expected because the antisense siRNA was 
unchanged. However, the antisense target RNA cleav- 
age was affected and strongly dependent on the 5'-end 
of the sense siRNA (Figure 1 6D, bottom panel). The an- 
tisense target was only cleaved, when the sense siRNA 
was 20 or 21 nt in size, and the position of cleavage 
different by 1 -nt, suggesting that the 5'-end of the target- 
recognizing siRNA sets the ruler for target RNAcleavage. 
The position is located between nucleotide 10 and 11 
when counting in upstream direction from the target nu- 
cleotide paired to the 5'-most nucleotide of the guide siR- 
NA (see also Figure 15A). 

3.2.6 Sequence effects and 2'-deoxy substitutions 
in the 3'-overhang 

[0084] A 2-nt 3'-overhang is preferred for siRNA func- 
tion. We wanted to know, if the sequence of the over- 
hanging nucleotides contributes to target recognition, or 
if it is only a feature required for reconstitution of the en- 
donuclease complex (RISC or siRNP). We synthesized 
sense and antisense siRNAs with AA, CC, GG, UU, and 
UG 3'-overhangs and included the 2'-deoxy modifica- 
tions TdG and TT. The wild-type siRNAs contained AA 
in the sense 3' overhang and UG in the antisense 3'- 
overhang (AA/UG). All siRNA duplexes were functional 
in the interference assay and reduced target expression 
at least 5-fold (Figure 17). The most efficient siRNA du- 
plexes that reduced target expression more than 1 0-fold, 
were of the sequence type NN/UG, NN/UU, NN/TdG, and 
NN/TT (N, any nucleotide). siRNA duplexes with an an- 
tisense siRNA 3'-overhang of AA, CC or GG were less 
active by a factor 2 to 4 when compared to the wild-type 
sequence UG or the mutant UU. This reduction in RNAi 
efficiency is likely due to the contribution of the penulti- 
mate 3'-nucleotide to sequence-specific target recogni- 
tion, as the 3'-terminal nucleotide was changed from G 
to U without effect. 

[0085] Changes in the sequence of the 3'-overhang of 



the sense siRNA did not reveal any sequence-dependent 
effects, which was expected, because the sense siRNA 
must not contribute to sense target mRNA recognition. 

5 3.2.7 Sequence specif ity of target recognition 

[0086] In order to examine the sequence-specifity of 
target recognition, we introduced sequence changes into 
the paired segments of siRNA duplexes and determined 

10 the efficiency of silencing. Sequence changes were in- 
troduced by inverting short segments of 3- or 4-nt length 
or as point mutations (Figure 1 8). The sequence changes 
in one siRNA strand were compensated in the comple- 
mentary siRNA strand to avoid pertubing the base-paired 

15 siRNA duplex structure. The sequence of all 2-nt 3'-over- 
hangs was TT (T, 2'-deoxythymidine) to reduce costs of 
synthesis. The TT/TT reference siRNA duplex was com- 
parable in RNAi to the wild-type siRNA duplex AA/UG 
(Figure 17). The ability to mediate reporter mRNA de- 

20 struction was quantified using the translation-based lu- 
minescence assay. Duplexes of siRNAs with inverted se- 
quence segments showed dramatically reduced ability 
fortargeting the firefly luciferase reporter (Figure 1 8). The 
sequence changes located between the 3'-end and the 

25 middle of the antisense siRNA completely abolished tar- 
get RNA recognition, but mutations near the 5'-end of 
the antisense siRNA exhibit a small degree of silencing. 
Transversion of the A/U base pair located directly oppo- 
site of the predicted target RNA cleavage site, or one 

30 nucleotide further away from the predicted site, prevent- 
ed target RNA cleavage, therefore indicating that single 
mutation within the centre of asiRNA duplex discriminate 
between mismatched targets. 

35 3.3 Discussion 

[0087] siRNAs are valuable reagents for in activation 
of gene expression, not only in insect cells, but also in 
mammalian cells, with a great potential for therapeutic 

4 o application. We have systematically analysed the struc- 
tural determinants of siRNA duplexes required to pro- 
mote efficienttarget RNAdegradation in D. melanogaster 
embryo lysate, thus providing rules for the design of most 
potent siRNA duplexes. A perfect siRNA duplex is able 

45 to silence gene expression with an efficiency comparable 
to a 500 bp dsRNA, given that comparable quantities of 
total RNA are used. 

3.4 The siRNA user guide 

50 

[0088] Efficiently silencing siRNA duplexes are prefer- 
ably composed of 21 -nt antisense siRNAs, and should 
be selected to form a 19 bp double helix with 2-nt 3'- 
overhanging ends. 2'-deoxy substitutions of the 2-nt 3'- 
55 over-hanging ribonucleotides do not affect RNAi, but help 
to reduce the costs of RNA synthesis and may enhance 
RNAse resistance of siRNA duplexes. More extensive 
2'-deoxy or 2'-0-methyl modifications, however, reduce 
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the ability of siRNAs to mediate RNAi, probably by inter- 
fering with protein association for siRNAP assembly. 
[0089] Target recognition is a highly sequence-specific 
process, mediated by the siRNA complementary to the 
target. The 3'-most nucleotide of the guide siRNA does 5 
not contribute to specificity of target recognition, while 
the penultimate nucleotide of the 3'-overhang affects tar- 
get RNA cleavage, and a mismatch reduces RNAi 2- to 
4-fold. The 5'-end of a guide siRNA also appears more 
permissive for mismatched target RNA recognition when 10 
compared to the 3'-end. Nucleotides in the centre of the 
siRNA, located opposite the target RNA cleavage site, 
are important specificity determinants and even single 
nucleotide changes reduce RNAi to undetectable level. 
This suggests that siRNA duplexes may be able to dis- 15 
criminate mutant or polymorphic alleles in gene targeting 
experiments, which may become an important feature 
for future therapeutic developments. 
[0090] Sense and antisense siRNAs, when associated 
with the protein components of the endonclease complex 20 
or its commitment complex, were suggested to play dis- 
tinct roles; the relative orientation of the siRNA duplex in 
this complex defines which strand can be used for target 
recognition. Synthetic siRNA duplexes have dyad sym- 
metry with respect to the double-helical structure, but not 25 
with respect to sequence. The association of siRNA du- 
plexes with the RNAi proteins in the D. melanogaster 
lysate will lead to formation of two asymmetric complex- 
es. In such hypothetical complexes, the chiral environ- 
ment is distinct for sense and antisense siRNA, hence 30 
their function. The prediction obviously does not apply to 
palindromic siRNA sequences, or to RNAi proteins that 
could associate as homodimers. To minimize sequence 
effects, which may affect the ratio of sense and anti- 
sense-targeting siRNPs, we suggest to use siRNA se- 35 
quences with identical 3' overhanging sequences. We 
recommend to adjust the sequence of the overhang of 
the sense siRNA to that of the antisense 3'-overhang, 
because the sense siRNA does not have a target in typ- 
ical knock-down experiments. Asymmetry in reconstitu- 40 
tion of sense and antisense-cleaving siRNPs could be 
(partially) responsible for the variation in RNAi efficiency 
observed for various 21 -nt siRNA duplexes with 2-nt 3'- 
overhangs used in this study (Figure 14). Alternatively, 
the nucleotide sequence at the target site and/or the ac- 45 
cessibility of the target RNA structure maybe responsible 
for the variation in efficiency for these siRNA duplexes. 
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Claims 

1. Isolated double-stranded RNA molecule, wherein 
each RNA strand has a length from 19 to 23 nucle- 
otides and wherein at least one strand has a 3'-over- 
hang from 1 to 3 nucleotides, wherein said RNA mol- 
ecule is capable of target-specific RNA interference. 

2. The RNA molecule of claim 1 , wherein each strand 
has a length from 20 to 22 nucleotides. 

3. The RNA molecule of any one of claims 1 or 2, where- 
in the 3'-overhang is stabilized against degradation. 

4. The RNA molecule of any one of claims 1 to 3, which 
contains at least one modified nucleotide analogue. 

5. The RNA molecule of claim 4, wherein the modified 
nucleotide analogue is selected from sugar- or back- 
bone-modified ribonucleotides. 

6. The RNA molecule according to claim 4 or 5, wherein 
the nucleotide analogue is a sugar-modified ribonu- 
cleotide, wherein the 2'-OH group is replaced by a 
group selected from H, OR, R, halo, SH, SR, NH 2 , 
NHR, NR 2 or CN, wherein R is C r C 6 alkyl, alkenyl 
or alkynyl and halo is F, CI, Br or I. 

7. The RNA molecule of claim 4 or 5, wherein the nu- 
cleotide analogue is a backbone-modified ribonucle- 
otide containing a phosphothioate group. 

8. The RNA molecule of any one of claims 1-7, which 
has a sequence having an identity of at least 70 per- 
cent to a predetermined mRNA target molecule. 

9. A method of preparing a double-stranded RNA mol- 
ecule of any one of claims 1 to 8, comprising the 
steps: 

(a) synthesizing two RNA strands each having 
a length from 19 to 23 nucleotides and at least 
one having a 3'-overhang from 1 to 3 nucle- 
otides, wherein said RNA strands are capable 
of forming a double-stranded RNA molecule, 

(b) combining the synthesized RNA strands un- 
der conditions, wherein a double-stranded RNA 
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molecule is formed, which is capable of target- 
specific RNA interference. 

1 0. The method of claim 9, wherein the RNA strands are 
chemically synthesized. 

1 1 . The method of claim 9, wherein the RNA strands are 
enzymatically synthesized. 

12. An in vitro method of mediating target-specific RNA 
interferences in a cell or an organism, comprising 
the steps: 

(a) contacting said cell ororganism with the dou- 
ble-stranded RNA molecule of any one of claims 
1 to 8 under conditions wherein target-specific 
RNA interferences can occur, and 

(b) mediating a target-specific RNA interference 
effected by the double-stranded RNA towards a 
target nucleic acid having a sequence portion 
substantially corresponding to the double- 
stranded RNA. 

13. The method of claim 12, wherein said contacting 
comprises introducing said double-stranded RNA 
molecule into a target cell in which the target-specific 
RNA interference can occur. 

14. The method of claim 13, wherein the introducing 
comprises a carrier mediated delivery or injection. 

15. Use of the in vitro method of any one of claims 12 to 
1 4 for determining the function of a gene in a cell or 
an organism. 

16. Use of the in vitro method of any one of claims 12 to 
14 for modulating the function of a gene in a cell or 
an organism. 

17. The use of claim 15 or 16, wherein the gene is as- 
sociated with a pathological condition. 

1 8. The use of a double-stranded RNA molecule of any 
of the claims 1-8 for the manufacture of a medica- 
ment for modulating the function of a pathogen-as- 
sociated gene. 

19. The use of claim 18, wherein the pathogen-associ- 
ated gene is a viral gene. 

20. The use of a double-stranded RNA molecule of any 
of the claims 1-8 for the manufacture of a medica- 
ment for modulating the function of a tumor-associ- 
ated gene. 

21 . The use of a double-stranded RNA molecule of any 
of the claims 1-8 for the manufacture of a medica- 
ment for modulating the function of an autoimmune 



disease associated gene. 

22. Pharmaceutical composition containing as an active 
agent at least one double-stranded RNA molecule 

5 of any one of claims 1 to 8 and a pharmaceutical 

carrier. 

23. The composition of claim 22 for diagnostic applica- 
tions. 

10 

24. The composition of claim 22 for therapeutic applica- 
tions. 

25. An eukaryotic cell or an eukaryotic non-human or- 
15 ganism transfected with a RNA molecule of any one 

of claims 1 to 8 or a DNA molecule encoding said 
RNA molecule. 



20 Patentanspruche 

1. Isoliertes doppelstrangiges RNA-Molekul, worin je- 
der RNA-Strang eine Lange von 19 bis 23 Nukleoti- 
den aufweist und worin wenigstens ein Strang einen 

25 3'-Uberhang von 1 bis 3 Nukleotiden aufweist, wobei 
das RNA-Molekul zu zielspezifischer RNA-lnterfe- 
renz in der Lage ist. 

2. RNA-Molekul nach Anspruch 1 , worin jeder Strang 
30 eine Lange von 20 bis 22 Nukleotiden aufweist. 

3. RNA-Molekul nach einem der Anspruche 1 oder 2, 
worin der 3'-Uberhang gegenuber Abbau stabilisiert 
ist. 

35 

4. RNA-Molekul nach einem der Anspruche 1 bis 3, 
welches wenigstens ein modifiziertes Nukleotidana- 
logon enthalt. 

40 5. RNA-Molekul nach Anspruch 4, worin das modifi- 
zierte Nukleotidanalogon ausgewahlt ist aus Zucker- 
oder Ruckgrat-modifizierten Ribonukleotiden. 

6. RNA-Molekul nach Anspruch 4 oder 5, worin das 
45 Nukleotidanalogon ein Zucker-modif iziertes Ribonu- 

kleotid ist, worin die 2'-OH-Gruppe ersetzt ist durch 
eine Gruppe, welche ausgewahlt ist aus H, OR, R, 
Halogen, SH, SR, NH 2 , NHR, NR 2 oder CN, wobei 
R C 1 -C 6 Alkyl, Alkenyl oder Alkinyl ist und Halogen 
50 F, CI, Br oder I ist. 

7. RNA-Molekul nach Anspruch 4 oder 5, worin das 
Nukleotidanalogon ein Ruckgrat-modifiziertes Ribo- 
nukleotid ist, welches eine Phosphothioat-Gruppe 

55 enthalt. 

8. RNA-Molekul nach einem der Anspruche 1 bis 7, 
welches eine Sequenz mit wenigstens 70 Prozent 
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Identitat zu einem vorbestimmten mRNA-Zielmole- 
kul aufweist. 

9. Verfahren zur Herstellung eines doppelstrangigen 

RNA-Molekuls nach einem der Anspruche 1 bis 8, 5 
umfassend die Schritte: 



10. Verfahren nach Anspruch 9, wobei die RNA-Strange 20 
chemisch synthetisiert werden. 

1 1 . Verfahren nach Anspruch 9, wobei die RNA-Strange 
enzymatisch synthetisiert werden. 

25 

12. In vitro Verfahren zum Vermitteln zielspezifischer 
RNA-lnterferenzen in einer Zelle oder einem Orga- 
nismus, umfassend die Schritte: 

(a) Inkontaktbringen der Zelle oder des Orga- 30 
nismus mitdem doppelstrangigen RNA-Molekul 
nach einem der Anspruche 1 bis 8 unter Bedin- 
gungen, unter welchen zielspezifische RNA-ln- 
terferenzen auftreten konnen, und 

(b) Vermitteln einer zielspezifischen RNA- Inter- 35 
ferenz, welche durch die doppelstrangige RNA 
gegenuber einer Zielnukleinsaure bewirkt wird, 

die einen Sequenzteil aufweist, der im Wesent- 
lichen der doppelstrangigen RNA entspricht. 

40 

13. Verfahren nach Anspruch 12, wobei das Inkontakt- 
bringen umfasst, Einfuhren des doppelstrangigen 
RNA-Molekuls in eine Zielzelle, in welcher die ziel- 
spezifische RNA-lnterferenz auftreten kann. 

45 

14. Verfahren nach Anspruch 13, wobei das Einfuhren 
ein Trager-vermitteltes Zufuhren oder eine Injektion 
umfasst. 

15. Verwendung des in vitro Verfahrens nach einem der 50 
Anspruche 12 bis 14 zur Bestimmung der Funktion 
eines Gens in einer Zelle oder einem Organismus. 

16. Verwendung des in vitro Verfahrens nach einem der 
Anspruche 12 bis 14 zur Modulierung der Funktion 55 
eines Gens in einer Zelle oder einem Organismus. 

1 7. Verwendung nach Anspruch 1 5 oder 1 6, wobei das 



Gen mit einem pathologischem Zustand assoziiert 
ist. 

18. Verwendung eines doppelstrangigen RNA-Molekuls 
nach einem der Anspruche 1 bis 8 zur Herstellung 
eines Medikaments zur Modulierung der Funktion 
eines Pathogen-assoziierten Gens. 

19. Verwendung nach Anspruch 18, wobei das Patho- 
gen-assoziierte Gen ein virales Gen ist. 

20. Verwendung eines doppelstrangigen RNA-Molekuls 
nach einem der Anspruche 1 bis 8 zur Herstellung 
eines Medikaments zur Modulierung der Funktion 
eines Tumor-assoziierten Gens 

21. Verwendung eines doppelstrangigen RNA-Molekuls 
nach einem der Anspruche 1 bis 8 zur Herstellung 
eines Medikaments zur Modulierung der Funktion 
eines Gens, welches mit einer Autoimmunerkran- 
kung assoziiert ist. 

22. Pharmazeutische Zusammensetzung, enthaltend 
als ein wirksames Mittel wenigstens ein doppelst- 
rangiges RNA-Molekul nach einem der Anspruche 
1 bis 8 und einen pharmazeutischen Trager. 

23. Zusammensetzung nach Anspruch 22 fur diagnosti- 
sche Anwendungen. 

24. Zusammensetzung nach Anspruch 22 fur therapeu- 
tische Anwendungen. 

25. Eukaryotische Zelle oder ein eukaryotischer nicht 
humaner Organismus, welche/welcher mit einem 
RNA-Molekul nach einemder Anspruche 1 bis8oder 
einem DNA-Molekul, welches das RNA-Molekul ko- 
diert, transfiziert ist. 



Revendications 

1. Molecule d'ARN double brin isolee, ou chaque brin 
d'ARN a une longueur de 1 9 a 23 nucleotides et ou 
au moins un brin a un surplomb en 3' de 1 a 3 nu- 
cleotides, ou ladite molecule d'ARN est capable d'in- 
terference a ARN specifique de cible. 

2. Molecule d'ARN selon la revendication 1 ou chaque 
brin a une longueur de 20 a 22 nucleotides. 

3. Molecule d'ARN selon I'une quelconque des reven- 
dications 1 ou 2 ou le surplomb en 3' est stabilise 
contre la degradation. 

4. Molecule d'ARN selon I'une quelconque des reven- 
dications 1 a 3 qui contient au moins un analogue 
de nucleotide modifie. 



(a) Synthetisieren von zwei RNA-Strangen, wo- 
bei jeder RNA-Strang eine Lange von 1 9 bis 23 
Nukleotiden aufweist und wobei wenigstens ein 10 
RNA-Strang einen 3'-Uberhang von 1 bis 3 Nu- 
kleotiden aufweist, wobei die RNA-Strange ein 
doppelstrangiges RNA-Molekul bilden konnen, 

(b) Vereinigen der synthetisierten RNA-Strange 
unter Bedingungen, unter welchen ein doppel- 15 
strangiges RNA-Molekul gebildet wird, welches 

zu zielspezifischer RNA-lnterferenz in der Lage 
ist. 
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5. Molecule d'ARN selon la revendication 4 ou I'analo- 
gue de nucleotide modifie est choisi parmi les ribo- 
nucleotides modifies dans le sucre ou dans le sque- 
lette. 

6. Molecule d'ARN selon la revendication 4 ou 5 ou 
I'analogue de nucleotide est un ribonucleotide mo- 
difie dans le sucre ou le groupe 2'-OH est remplace 
par un groupe choisi parmi H, OR, R, halo, SH, SR, 
NH 2 , NHR, NR 2 et CN, 

ou R est C A -C Q alkyle, alcenyle ou alcynyle et halo 
est F, CI, Br ou I. 

7. Molecule d'ARN selon la revendication 4 ou 5 ou 
I'analogue de nucleotide est un ribonucleotide mo- 
difie dans le squelette contenant un groupe phos- 
phothioate. 

8. Molecule d'ARN selon Tune quelconque des reven- 
dications 1-7 qui a une sequence ayant une identite 
d'au moins 70 % avec une molecule cible d'ARNm 
predeterminee. 

9. Procede de preparation d'une molecule d'ARN dou- 
ble brin selon I'une quelconque des revendications 
1 a 8 comprenant les etapes : 

(a) synthese de deux brins d'ARN ayant chacun 
une longueur de 19 a23 nucleotides et au moins 
I'un ayantunsurplomben3'de 1 a3 nucleotides, 
ou lesdits brins d'ARN sont capables de former 
une molecule d'ARN double brin, 

(b) combinaison des brins d'ARN synthetises 
dans des conditions dans lesquelles une mole- 
cule d'ARN. double brin est formee, qui est ca- 
pable d'interference a ARN specifique de cible. 

10. Procede selon la revendication 9 ou les brins d'ARN 
sont synthetises chimiquement. 

1 1 . Procede selon la revendication 9 ou les brins d'ARN 
sont synthetises enzymatiquement. 

1 2. Procede in vitro de mediation d'interferences a ARN 
specifiques de cible dans une cellule ou un organis- 
me comprenant les etapes : 

(a) mise en contact de ladite cellule ou dudit or- 
ganisme avec la molecule d'ARN double brin 
selon I'une quelconque des revendications 1 a 
8 dans des conditions dans lesquelles des in- 
terferences a ARN specifiques de cible peuvent 
se produire, et 

(b) mediation d'une interference a ARN specifi- 
que de cible realisee par I'ARN double brin a 
I'egard d'un acide nucleique cible ayant une par- 
tie de sequence correspondant sensiblement a 
I'ARN double brin. 



1 3. Procede selon la revendication 1 2 ou ladite mise en 
contact comprend I'introduction de ladite molecule 
d'ARN double brin dans une cellule cible dans la- 
quelle ('interference a ARN specifique de cible peut 

5 se produire. 

14. Procede selon la revendication 13 ou I'introduction 
comprend une delivrance ou injection a mediation 
par un support. 

10 

1 5. Utilisation du procede in vitro selon I'une quelconque 
des revendications 1 2 a 1 4 pour determiner la fonc- 
tion d'un gene dans une cellule ou un organisme. 

15 16. Utilisation du procede in vitro selon I'une quelconque 
des revendications 12 a 14 pour moduler lafonction 
d'un gene dans une cellule ou un organisme. 

1 7. Utilisation selon la revendication 1 5 ou 1 6 ou le gene 
20 est associe a un etat pathologique. 

18. Utilisation d'une molecule d'ARN double brin selon 
I'une quelconque des revendications 1 -8 pour la fa- 
brication d'un medicament pour moduler lafonction 

25 d'un gene associe a un agent pathogene. 

19. Utilisation selon la revendication 18 ou le gene as- 
socie a un agent pathogene est un gene viral. 

30 20. Utilisation d'une molecule d'ARN double brin selon 
I'une quelconque des revendications 1 -8 pour la fa- 
brication d'un medicament pour moduler la fonction 
d'un gene associe a une tumeur. 

35 21. Utilisation d'une molecule d'ARN double brin selon 
I'une quelconque des revendications 1 -8 pour la fa- 
brication d'un medicament pour moduler lafonction 
d'un gene associe a une maladie auto-immune. 

40 22. Composition pharmaceutique contenant comme 
agent actif au moins une molecule d'ARN double 
brin selon I'une quelconque des revendications 1 a 
8 et un support pharmaceutique. 

45 23. Composition selon la revendication 22 pour des ap- 
plications diagnostiques. 

24. Composition selon la revendication 22 pour des ap- 
plications therapeutiques. 

50 

25. Cellule eucaryote ou organisme eucaryote non hu- 
main transfecte avec une molecule d'ARN selon 
I'une quelconque des revendications 1 a 8 ou une 
molecule d'ADN codant ladite molecule d'ARN. 

55 
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FIGURE 2 
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FIGURE 3B 
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FIGURE 4A 
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FIGURE 4B 
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FIGURE 6A 
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5 ' CGUACGCGGAAUACUUCGAAA 
GUGCAUGCGCCUUAUGAAGCU 5' 

5 ' CGUACGCGGAAUACUUCGAAAU 
GUGCAUGCGCCUUAUGAAGCU 5* 

5' CGUACGCGGAAUACUUCGAAAUG 
GUGCAUGCGC CUUAUGAAGCU 5' 

5' CGUACGOSGAAUACUUCGAAAUGU 
GXJG CAUGCGC CUUAUGAAGCU 5' 

5' CGUACGCGGAAUACUUCGAAAUGUC 
GUGCAUGCGC CUUAUGAAGCU 5' 



5' CGUACGCG GAAUACntTCG 
AGUGCAUGCGCCUUAUGAAGC 5' 

5' CGUACGCGGAAUACUUCGA 
AGUGCAUGCGCCUUAUGAAGC 5' 

5* CGUACGCGGAAUACUUCGAA 
AGUGCAUGC GCCUUAUGAAGC 5' 

5' CGUACGCGGAAUACUUCGAAA 
AGUGCAUGCGCCUUAUGAAGC 5' 

5' CGUACGCGGAAUACUUCGAAAU 
AGUGCAUGCGCCUUAUGAAGC 5' 

5' CGUACGCGGAADACUUCGAAAUG 
AGUGCAUGCGCCUUAUGAAGC 5' 

5' CGUACGCGGAAUACUUCGAAAUGU 
AGUGCAUGCGCCUUAUGAAGC 5' 

5' CGUACGCGGAAUACUUCGAAAUGUC 
AGUGCAUGCGCCUUAUGAAGC 5' 



1.2 

o 

-f 1 

§ 0.8 
dL 0.6 

D. 

g 0.4 
8 0.2 
0 



1-nt as 3* overhang 



rhrk 



-2 -1 
18 19 



0 1 

20 21 



[+1 



2 3 4 5 
22 23 24 25 



1.2 
1 

0.8 
0.6 
0.4 
0.2 

b 



2-nt as 3* overhang 



-1 0 1 2 3 4 5 6 
18 19 20 21 22 23 24 25 

3' overhang of sense strand (nt) 
length of sense strand (nt) 



1.2 
1 

0.8 
0.6 
0.4 
6.2 



3-nt as 3' overhang 



0 1 2 3 4 5 6 7 
18 19 20 21 22 23 24 25 
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insert base pairs (B) 
V 

s (20-25 nt) 

as (20-25 nt) """"" 

A 

insert base pairs (C) 



B 



5' CGUACGCGOAAUACDVCGAA 
OTGCATTCCCfCCOUAUGAAGC 5' 



5* COTACGCGGAAtTACOUCGAAA 
GDG CAUGCGCCTJUAUGAAGCU 5' 

5' CGUACGCGGAAUACUUCGAAAU 
GUGCAUGCGCCOUAtTGAAGCOU 5' 



5* CGUACGCGGAAUACUUCGAAAUG 
GTTGCAUGCGCCUTJAUGAAGCUTJU 5* 

5' CGUACGCGCAAUACUtlCGAAATJGU 
GUGCAPgCGCCanAUGAAG CUUUA 5' 

5 * CGXfACGCC GAA OACUUCGAAAPgPC 
GUGCAtTGCGCuu u AUGAAGCU U UAC 5 ' 



c 



5' GTJACGCGGAA0ACUUCGAAA 
UGCAUGCG CCTJUAUGAAGCa S ' 



S' CGTTACGCGGAADACTTUCGAAA 
GUGCAtrGCGCCUUAUGAAGCU 5' 



5' ACGUACGCGGAAUACDUCGAAA 
AGOGCADGCGCCUTJATJGAAGCU 5' 



5' CACGUACGCGGAAUACUDCGAAA 
TTAGUGCATIGCGCCDUAUGAAGCU 5' 



20 21 22 23 24 25 
length of siRN As 



1.2 

1 I 
0.8 
0.6 
0.4 
0.2 

0 



1 



« : 

•V 



20 21 22 23 
length of siRNAs 
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a- 



S 5 ' CGUACGCGGAAUACUUCGAAA 
as GUGCAUGCGCCUUAUGAAGCU 5' 





1.2 




o 


1 




luc/Rr 


0.8 




& 

i 


0.6 




o 

c 


0.4 






0.2 






0 





OH/ 2-ntd/4-ntd/ 
OH 2-ntd 4-ntd 



d/ 
OH 



OH/ 
d 



d/ 
d 



Me/ 
OH 



OH/ 
Me 



Me/ 
Me 



sense/ 
antisense 
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7m GpppG- 



sense target 



t 



v 

5' CGUACGCG GAAUACUUCGAAA 
GDGCAUGCGCCDtnVTIGAAGCU 5' 

v A 

ACGUACGCGGAAUACTTTJCGAA 
AGTJGCAUGCGCCTJUAUGAAGC 
V A 

CACGUACGCGGAAUACUUCGA 
TJAGUGCAUGCGCCUUAUGAAG 

UCAC GTJACGCGGAAT3ACUUCG 
GtJAGUGCAUGCGCCXJUAUGAA 

V A 

AUCACGUACGCGGAAtJACOUC 
UGUAGUGCAUGCG CCUUAUGA 
A 



-GpppG 7m 



antisense target 
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B 



-1 to 6 nt 
3* overhang 



iiiiiiimiiiiiimii 



2nt 

3* overhang 



iniiimmmiiiiii" 



2 nt 

3' overhang 



0 to 5 nt 
3' overhang 



S' CGUACGCGGAAUACUUCG 
GUGCAUGCGCCTgJAUGAAGCU 5' 

5' CGUACGCGcSlA-UACUUCGA 
GUGCAUGCGCC JUAUGAAGCU 5' 

5' CGOACGCGGAAUACtmCGAA 
GTJGCAUGCGGCTgJAUGAAGCtr 5' 

5' CGXJACGCGG&AOACXJDCGAAA 
GUGCAUGCGCCOTAT7GAA6CU S' 

5' CGUACG CGG^AAUACUUCGAAAU 
GUGCAUGCGCC UUAUGAAG CU 5' 

5' CGUACG CG GAAUACUUC G AAATJG 
GUGCAUGCGCCUjUAUGAAGCU 5' 

5' CGUACGCGG^AUACUUCGAAAUGU 
GUGCAUGCGCCinJADGAAGCD 5' 

5' CGUACGCGGAAUACUUCGAAAUGUC 
AUGAAGCU 5* 



5* ACGCGGAAUACUUCGAAA 
GUGCAUGCGCCUUATJGAAGCU 5' 



5 ' UACGCG GAAUACUU C GAAA 
GUGCAUGCG CCUU AUG AAG CU 5* 

5 ' GUACGCGG^AGACtrUCGAAA 
GUGCAUGCGCCUUAUGAAGCU 5' 



5 ' CGUACG CGG^AAUACUUCGAAA 
GUG CAU GCCC CUU AUG AAG CU 5' 

5' ACGUAC G CG GAAUACUU CGAAA 
GUGCAUGCGCC U U AUGAAGCU 5' 

5' CACGUACGCGG^AUACUUCGAAA 
GUGCAUG CG CCUUAUGAAG CU 5' 



<y 18 19 20 21 22 23 24 25 



ml 



sense 
target 



<^CT 18 19 20 21 22 23 




antisense 
target 



if 








pis 
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1.0 



as 



lllllllllllllllllllll" 



0.3 



0.25 



o 



0.2 



£" 0.15 



0.1 - 



0.05 



<<<<<<OOOOOOOCDCDOOO 




D D D D 3 D 



s/as overhanging nucleotides 
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ref 
1 
2 

3 
4 
5 



5' CGUACGCGGAAUACUUCGATT 
TTGCAUG CG CCCTUAUG AAG CO 5' 



GGAAUACUUCGATT 
CCTJUAUGAAGCU 5' 




5* CGTJAgCggGAAUACUIJCGATT 
TTGCA UGGGCj CUUAUGAAGCU 5* 

5' CGUACGC 
TTGCAUGCG Qggft^ 

5' CGUACGCGGAAUggE&CGATT 
TTGCAUGCGCCUaAlSuggGCU 5' 

5' cguacgcggaauaotuEgItt 

TTGCAUGCGCCUUAUGAAgcg 5' 

5 # cguacgcggbauacuucgatt 

TTGGAUGCGCCgUAUGAAGCU 5' 

5' CGUACGCGGAAUACUUCGATT 
TTGCAUGCGCCl^AUGAAGCU 5' 



1.4 
1.2 
1 

0.8 
0.6 
0.4 
0.2 
0 



ref 1 



-I 



2 3 4 5 6 7 
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5' CGUACGCGGAAUACUUCGAA 
GUGCAtJGCGCCUUAUGAAGC 5' 

5' CGUACGCGGAAUACUUCGAAA 
GUGCAUGCGCCUUAUGAAGCU 5' 

5 ' CGUACGCGGAAUACUUCGATT 
TTGGAUGCGCCDUAUGAAGCU 5' 

5' CGUACGCGGAAUACU0CGAAAU 
GUGCAUGCGCCUUAUGAAGCUU 5' 

5' CGUACGCGGAAUACUUCGAAAUG 
GUG CAUGCGCCOUAUGAAGCUUU 5' 

5' CGUACGCGGAAUACUUCGAAAUGU 
GUGCAUGCGCCUUAUGAAGCUUUA 5' 

5' CGUACGCGGAAUACUUCGAAAUGUC 
GUGCAUGCGCCUUAUGAAGCUTJUAC 5' 



B 



5' GUACGCGGAAUACUUCGAAA 
UGCAUGCGCCTJUAUGAAGCU 5' 

5 ' CGUACGCGGAAUACUUCGAAA 
GUGCAUGCGCCUUAUGAAGCU 5' 

5' ACGUACGCGGAAUACUUCGAAA 
AGUGCAUGCGCCUUAUGAAGCU 5' 

5' ACGUACGCGGAAUACUUCGAAA 
UAGUGCAUGCGCCUUAUGAAGCU 5 ' 



O 1.2 

ZD 

o 0.8 
6.0.6 

> 

5 0.2 
c 

0 

length (nt) 
3' overhang 



HeLa SS6 

in vivo 



20 21 21 
AA TT 
GU TT 



22 23 24 25 



1.2 
1 

0.8 
0-6 
0.4 
0.2 
0 



HeLa SS6 

in vivo 



20 21 22 
AA 
GU 



23 



o 


1.2 




1 




0.8 




0.6 




0.4 


E 

i— 

o 


0.2 




0 



length (nt) 
3' overhang 



m vttro 











r 

























20 21 22 23 24 25 

AA 
GU 



1.2 
1 

0.8 
0.6 
0.4 
0.2 
0 



Fly 

in vitro 



20 21 22 23 

AA 
GU 
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